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PREFACH

This report contains the results of Thiokol Chemical Corporation's Study
of Solid Roeket Motors for Spaee Shotile Booster, 'The objective of the sindy was
to provide data to assist National Acronautics and Space Administration in selection
of the booster for the Space shuttle system, This objective was satisficd throngh
definition of speeific Solid Rocket Motor (SRM) stage designs, development progriun
requirements, and production and launch program requirements, as woll as the
development of credible cost data for cach program phase. The study was per-
formad by Thiokol's Wasatch Division, Brigham City, Utah, for the NASA George C.
Marshall Space Flight Center under Contract NAS 8~28430. The study wn:; condueted
under the direction of Mr. Daniel H. Driscoll/PD-RV-MGR NASA/MSFC. Thiokol
study direction was provided by Messrs, 1. R, Kearney, Corporate Dircctor,
Space Shuttle Program, and J. D. Thirkill, Program Manager, Space Shuttle SRM
Booster Study, Wasatch Division.

The final report was prepared in response to Data Procurement Document 314
and Data Requirement MA-02. The report is arranged in four volumes:

Volume I Executive Summary

Volume I Technical

Volume III Program Planning Acquisition

Volume 1V

Cost

Data Requirement MA-02 specified that the Cost report be part of the Program
Acquisition and Planning report but because of its importance and size it has been
bound as a sepavate volume in this Final Report.

Volume 11, Technical, has been further subdivided into five books as follows
for ease of review and handling:

Book 1
Scetion 1.0 = Introduction

Seetion 2.0 - Propulsion System Definition
Section 8,0 = SRM Stage
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Book 2
Section 4,0
Scetion G, 0
Seetion 6,0
Section 7.0
Section 8,0
Sceetion 9,0
Section 10,0
Book &
Appendix A
Book 4
Appendix B
Appendix C

Appendix D

Book 5

Appendix E

Appendix F

Appendix G

Appendix H

-~ SRM Parametriec Data
-~ SRM Stage Recovery
Favironmental 1iffecta
~ Reliability and Failure Modes
~ System Safety Analysis
- Ground Support Fguipment.
Transportation, Assembly, and Checkout

Systems Requirements Analysis

Mass Property Report
Stage and SRM CI Spcecifications

Drawings, Bill of Materials, Preliminary
ICD's

Recovery System Characteristics for
Thiokol Chemical Corporation Solid
Propellant Space Shuttle Boosters

Quantitative Assessment of Environmental
Effects of Rocket Engine Emissions
During Space Shuttle Operations at
Kennedy Space Center

Thiokol Solid Propeliant Pocket
Engine Noisc Prediction

SRM Stage Recovery

iii
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Requests for further information shonld be direeted to:

Thiokol Chemieal Corporation
Wasateh Division

R, O, Pox H24

RBrigham City, Utah 84302

J. D, Thirkill 801, ~ R63-36511, loxl 3-3481
1. ¢, Adiams 801 -~ 863-3011, lixt. 3-3106
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1,0 INTRODUCTION

The technical data develops! Curing Thiokol Chemical Corporation's Study
of Solid Rockect Mc*ors for a Space Shuttle BDooster are presented in this document,
Volume II Technical. Thc study was conducted for the George C. Marshall Space
Tlight Center under Contract NAS 828430, The overall objective of the study was
to develop data to assist the NASA in selection of the booster concept for usc in
the Space Shuttle system.

Detail program objectives set forth in Exhibit A, Scope of Work, of Contract
NAS 8-28430 were:

1. Define solid rocket motor (SRM) designs which satisfy
the performance and configuration requirements of
the various vehicle/booster concepts.

2., Define the development, production and launch support
programs which are required to provide these stages
at rates of 60, 40, 20, and 10 launches per year in a
manrated system,

3. Acquire from the vehicle contractors the interface
data necessary to define those design controlling
features of the SRM systems, Particular attention
should be given to structural load paths and condi-
tions, normal separation, abort (including thrust
neutralization, if required), flight dynamics,
acoustics, and thrust vector control,

4, Definition of areas of significant concern or un=
certainty which must be satisfactorily removed to
allow use of the particular concept. Such defini-
tion should include proposed means to reducc the
uncertainty.

5., Iistimation of costs, including assumptions of basis,
for the defined SBM. Such costs will identify all
hardware systems, design, development and test
efforts, production efforts, launch support fucilitios,
transpertation, ground support equipment and
handling equipments.

Separate scctions should address the recoverahility
process,

1-1




6, Mo fulfill the ebjectives stated ahove, congideration
will he given to the hascline hooster confipnrations
of all the Phase B stady contractors,

The configurations of these contractors fall within
two broad coneepts of rocket assisted boost of the
reusable orhiter with extornal hydrogen oxygoen
propellant tankage: series hurn and parallel burn,
Primary cmphasis is to be placed on purallel) burn,
There are also two sizes of orbiters heing congid-
ered,  The contractor shall establish a working
relationship with the Phase B contractors and pro=
vide data to them as necessary to idertify and resolve
vehicle problems which mutually influence vehicle
and SRM designs and use.

Large SRM's have been studied {reguently for space booster and ballistic
missile applications during the past decade, In addition, several technological
demonstration programs have been conducted under sponsorship of the NASA
and USAF. Thesc programs have encompassed 120, 156, and 260 in. motors,
These study and technological programs in conjunction with current large motor
production programs (120 in, Titan 11IC, Minuteman Stage I, and Poseidon Stage I)
provide excellent background for the current study of SRM's for a Space Shuttle
booster. Thiokol has participated direetly in several of these programs and is
familinr with the results of programs conducted by other members of the solid
propulsion community, The results of these previous programs and study support
provided the Phase B vehicle study contractors were employed by Thiokol in the
conduct of this study program.

study scope encompassed 156, 120, und 260 in, SRM's. Major emphasis
was placed on the study of 156 in, SRM stages in iue parallel and series configura-
tions. Data were developed for 120 in, stages in support of vehicle study con=
tractors. Late in the study, data also were developed for 260 in, stages for
the series burn configuration,

Program acquisition planning documentation wirs developed in detail and is
presented in Volume 111, This documentation was cmployed to develop cost data
for all stuge configurations which arc presented in Volume IV, Detailed cost data
were developed for 166 in. parallel and serics configurations for DIYE & 14 and for
the mission model Lwneh rate (60 launches per year) and alternate launeh rates
(40, 25, and 10 launches per year).  Summary cost data were developed for the
120 ane 200 ir, configurations for DT & 14 and the misgion modcl launeh rate.
Cost and design daia were provided to all vehicle study contractors for the specitic
configurations identified hy them,  In addition, Thiokol bascline configuriation
design and cost data were provided,
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Arens of concern and uncertainty were ideatified and studicd,  As a result,
na significant problems were identified relating to the application of SRM stages for
the Space Shuttle system. Manrating was considered in the desipgn of the SRM stages
and costs developed refleet additiomal design, development test, and produetion
process control effort folt, neeossary to manrate the SRM stages. Potential environ-
maenfnl problems were studiced thoroughly, and it was dotermined that no serious
environmental problem exists,

SRM stage recovery wik ovadtated and determined to he foasible.  Recovery
of the SRM stages will provide sipnificant cost savings and should be pursned during
the development of the Space Shuttle system,

During the study, considerable data were developed 1o ossist the NASA in
the sclection of & booster concept for the Space Shuttle system, Results of the
study indicate that SRM's provide a logical, minimum technical risk, low cost
approach for the Space Shuttle hooster application,
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2,0 PROPULSTION SYSTEM DETFINITION

2.1 INTRODUCTION

Thiokol hasbeen sctively supporting various vehicle contractorsin their Space
Shuttle studics for the past 2 years. During this time period, visits have beea made
by Thiokol personnel to most of the vehicle contractors. The vehicle contractors have
been provided specific design data and design philosophy on large SRM boosters. Con-
sequently, when this study was initiated, Thiokol was well acquainted with the Space
Shuttle propulsion system and had close working relationships with the vehicle contrac-
tors. This prior knowledge of the system and these working relationships made it
possible for Thiokol to very quickly establish the size of the booster stages of current
interest and the characteristics which the stages must possess.

Two SRM stages were selected very early for detailed study: (1) a stage con-
sisting of two 156 in. diameter motors each containing 1.2 million 1b of propellant for
use in the parallel burn configuration and (2) a stage consisting of three 156 in. diam~
eter motors each containing 1.5 million 1b of propellant for use in the series burn
configuration. The selection of these stages as baselines early in the study permitted
greater engineering definition and provided a more adequate basis for cost estimating.
Also, having the baselines selected early permitted data to be supplied to case and
nozzle vendors, thereby enabling them to provide cost estimates for the study.

To supplement the preliminary information raeceived from the vehicle contrac-
tors, letiers requesting specific information on SRM stage requirements were sent to
cach of the vehicle contractors. These requests were followed by visits from Thiokol
personnel. As a result, the most current information available was obtained from
each of the vehicle contractors. These data varied widely as each of the vehicle con-
tractors was examining different configurations. Subsequently, data were received -
from six separate contractors describing 29 configurations. These data also variced ) v
widely and it was not possible to establish a composite 156 in. stage design with any
more validity than the two baselines previously sclected. Therefore, the two baseline
156 in. SRM stages have been used as design nominals for the 156 in. configurations : .
throughout the study. : v

Data also were requested by the vehicle contractors on SRM stages utilizing
four 120 in. diamcter motors. Late in the study, data were requested on a stage con- i
sisting of a single 260 in. diameter motor. A preliminary design for the 120 in, motors
containing 0. 566 million 1b of propellant was prepared and used as a baseline from
which perturbations werce made to respond to requests for 120 in. stage design data,
Thiokol and UTC expericnce with the 120 in. motor was heavily relied upon to provide — e
120 in. motor data and philosophy.

-
Earlicer studies were condueted by Thiokol on 260 in, motor designs.  These
studies were used extensively to compile the data supplied in this report on 260 in,
motors.
2-1 P




Specific preliminary static designs were made for each 120 and 156 in, SRM
requested by the vehicle contractors. These data were supplied on a mutually agreed
upon schedule so that the data could be used in the vehicle contractors' final reports,

The major objective of the study effort was to develop credible costing data on
various SRM stage configurations applicable to the Space Shuttle Program. The three
motor configurations selected; ie, 120 in. diameter segmented, 156 in, diameter seg-
mented, 260 in. diameter monolithic, lend themselves well to the development of cost
data.

The 120 in. diameter segmented motor is currently in production so it can be
costed out in the Space Shuttle stage configurations with little margin for error. Simi-
larly, the 156 in. diameter segmented motor is within the current state of the art and
can be costed with little uncertainty.

The 260 in. monolithic motor has been studied previously and three motors
have been built and tested. There is little uncertainty concerning the basic SRM
but the area of transportation and handling of this size motor has not been fully demon-
strated.

2.2 STAGE DESIGN REQUIREMENTS
2.2.1 Performance

Each of the vehicle contractors provided Thiokol with requirements data defin-
ing the specific SRM being studied by them for the various Space Shuttle configurations
being investigated.

To provide a basis for the design and costing details provided in this document,
two SRM's were selected as baseline motors. The first contains 1,2 million lb of
propellant and is intended for use in pairs for the parallel burn configurat.vn. The
second contains 1.5 millions b of propellant and is intended for use as one motor of
a cluster of three to be used in the «cries burn configuration. The two motors were
selected prior to the receipt of specific data from the vehicle contractors and do not
represent a finite request from any of the contractors; however, the motors are typi-
cal of those requested by each vehicle contractor.

The actual request for data on the parallel burn motor from the vehicle contrac-
tors varied in size from 1,04 to 1. 37 million 1b of propellant. Thus, the Thiokol base~
line at 1.2 million b is very rep esentative of the motor size being considered. The
requests for series burn configuration motors ranged from 1.6 to 1,43 million 1b of
propellant. The Thiokol design at 1.5 million 1b represents a motor slightly larger
than any requested.
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This motor was intentionally scleeted at 1,5 million 1b as it represents a
motor that is near the maximum size that should be designed at the 156 in. diameter,
The features on this motor, however, arc typical of the requested motors.

Table 2-1 contains a summary of the data requested by cach of the vehiele
contractors.

2,.2,2 Thrust Vector Control

The TVC requirements specificd by the vehicle contractors vari.d widely as
shown on Table 2-1 . On the parallel configuration, consideration is being given by
some contractors to deleting all TVC from the two SRM's and doing all maneuvering
with the control system on the orbiter. In this concept, it is not necessary to have
TVC on the SRM; however, a nozzle is utilized with a permanent cant angle such that
the thrust vector is directed toward the vehicle center of gravity. This concept would
require prediction of thrust vector position within approximately 1/4 deg. From a
motor manufacturing and assembly standpoint, this appears to be achievable.

Other concepts for the parallel burn configuration require a movable nozzle.
Nozzle deflection requirements vary from 3 to 10 deg with a slew rate of 5 to 20 deg/
sec. To meet these requirements a movable nozzle utilizing a flexible bearing has
been designed and is discussed below,

The serics configuration requires TVC in all the options presented by the prime
contractors and a flexible bearing movable nozzle is shown on the 1,5 million 1b pro-
pellant baseline motor for the series configuration. Also shown is a hydraulic power
unit (HPU) and linear actuators for moving the nozzle. A vector angle of 5 deg with
a slew rate of 5 deg/sce was selected as the baseline. The requirements from the
vehicle contractors for series burn varied from 5 to 10 deg deflcction with a slew
rate of 5 to 20 deg/sec.

2.2.3 Abort

The ability to abort the mission in case of a malfunction in ecither the orbiter
or solid rocket motors stage is contained in the requirements from each of the vehicle
contractors. The techniques employed by the contractors varied; however, cach speci-
ficd that it would be necessary to terminate the thrust on the SRM's should an abort
situation arise. It may also be necessary to destroy the motor case in order to make
the motors completely nonpropulsive after scparation from the orbiter. The abort
procedure specified by the McDonnell Douglas Astronautics Co  does provide abort
capability and crew safety throughout the entire scquence of booster operation, Thesc
were typical of the requirements forwarded by the other vehicle contractors but some -
what more inclusive. For the purposes of this report, they bave been incorporated by
Thiokol with one addition suggested by other ve hicle contractors (ie, the ability to hold
the vehiele on pad should o malfunction be detected after SRM ignition hut prior to
release).  The madel used by ‘Thiokol is shown on Table 2-2 ., 'Thesc abort modes

2-3
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impose two requirements on the SRM's; (1) the ability to hold on pad during the (nll
hurntime at full thrust, and (2) the ahility to negate positive forward thrust on the
motors. Capability to meet these vequirements has heen provided in the motors dis-
cussed within this document, The thrust termination ports are not designed to flow

for more than 5 sec.

et g peiesi Juend  semsl SN

s < Satipm. .

TABLY 2-2

ABORT MODES*

e Prior to Liftoff
Hold down until SRM burnout

o Liftoff to T = 40 sec
Terminate SRM thrust
Separate orbiter from HO tank and SRM'S
Ignite abort rockets
Glide to landing (unpowered)

oT +40 to T = +85 to 110 sec

]

Terminate SRM thrust
Separate orbiter from HO tank and SRM'S
Glide to landing (unpowered)

oT = +110 sec to Staging

Terminate SRM thrust
Jettison SRM'S
Use orbiter main engines and fly back to landing

P
¥Dorived from data received from McDonncll Douglas
Astronautics Co.
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2.2.4  Stage Stractures

YPhiokol hag designed atfachment struetnrees for hoth the series and parallel
buen configurations,  From the vohiele contraetors vequireinents, it is apparent. that
the complete weight. of the vebiele ag it sits on the Laymeh pad mnst be supported throuph
the solid rocket motors and that the strueture must he capable of holding ihe vehiele
on pad at full orhiter and SRM throst, To meet thig requirement, afl skiet struetares
have been designed suitahle for supporting the vehiele during assembly and priore to
vohicle liftoff.  Interstage attaehment stroetures for hoth the sevies and parallel eone
(ipurations assume that all SRM thrnst will be transniitted 1o the vehiele through stag-
ing structure located at the forward end of the SRM,  In the paeallel configuration,
attachment at the aft end of the SRM will be sufficiont to prevent roll and sway but
the structures do not transmit the thrust load of the motor to the vehicle at this point,
The aft skirt structure, for both serics and parallel conliguration, bas been sized to
withstand the tension loads ol the SRM and orbiter thrust and is designed to hold the
vehiele on the pad, without thrust terminating the SIRM, should an abort gituation
require this.

2.2.5  Staging and Separation

The vehiele contractor requirements all speeily that normal motor staping will
be accomplished without thrust terminating the SRM's. ‘T'wo modes of staging have
been specitied for the parallel burn configuration, The first is that a mechanicnl
system will be usced which releases {he motors at the forward attach point just prior
to complete SRM burnout and allows the SRM's Lo drag-scparate and fall away from
the vehicle. At about 30 deg, a latch on the aft end releases the motors and they
{all clear. The alternate concept considered is to use small solid propellant staging
rockets located on both the nose cone and &t skirt of the SRM to farce it away from
vehicle. Thiokol annlyses indicate that either approach is feasible and can be used.

2.2.6 Electromechanical Display and Avionies

Vehiele contractor veguireients for performance monitoring data trausferal
to the orbiter were not documented in information received by Thiokol. ‘I'hiokol, how-
ever, will furnish with each stage the necessary scnsors, cleetronies, and circuits
to monitor chamber pressure, HHPU pressures, and novzzle position,

A signal indicating the position (=efe or arm)for the safe and arm device (3 & A)
in the main motors, and thrust termination (I7) deviees, destruct system, staging
systom, recovery system (s reguived) will be provided for display in the oribiter,

Although not presently defined in detail it is assumed that avionies hardware

will be required for additional onboard checkout, sequencing control, and datz man-
agemeoent,
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4.0 SRM STAGE _DESIGN

3.1 INITROMICGTTON

The design for the SRM stages was influenced significantly hy the nead to
manrate the vehielo and by the NASA guideline that o low progriom eost wits
essential,  To moot these two reguirements, ‘Thiokol established the ground ruloes
that. demonstrated state of the et in both materials and design teehniques would be
used in all components, Vhe technology selected for ench of the major components
is shown in Table $-1,

The sepmented steel case will use the same Ladish DGAC material currently
being used in the Minuteman Stage 1 motor and in the 120 in. SKM for the Titan 11C,

'wo nozzle designs are presented; one for o fixed nozzle, the other & movable

nozzle for 'I'VC. Both nozzles use materials and construction technigues similoy

to those used in the Minuteman, Titan IIIC SRM, and Poscidon missiles. Nozzles

of both types have been demonstrated on 156 in. motors, The movable nozzle TVC
system uses a flexible bearing similar to those manufactured by Thiokol for use on
the Poscidon. 'This concept is presently used in both stuges of the Poseidon, Thiokol
demonstrated a similar flexible bearing on a 156 in, motor firing, A bearing of

this type also was manufactured and bench tested in a size suitable for 260 in, motors,

The actuators for moving the nezzle are similar to those prescently used on
Saturn. The HPU used to supply power to the nozzle actuators is a develoed system
presently flying as an emergency power unit on the Concorde aircraft,

The propellant selected is the demonstrated reliable propellant used on Stage
I Minuteman, Thiokol's Wasateh Division has produced approximately 125 million
1b of this propellant for Minuteman application. The propellant is extremely well
characterized. It has relatively high energy, good physical properties, and has
demonstrated an excellent aging capability.

The ignition system utilizes a head end mounted Pyrogen igniter similar to
that used on almost all large SRM's, The propellant used in the igniter is the same
as that presently being used in the Stage I Minuteman motor igniter, AnS & A
device similar to that used on Titan and Minuteman will provide a positive arming
of the Pyrogen igniter, Redundant squibs with redundant wiring from the 8 & A
to the Pyrogen igniter are used to assure ignition,

Thrust termination ports in the forward dome of each motor are provided
to terminate thrust in the SRM, should some condition on the vehicle dictate that it
is necessary to abort the flight, Thrust termination is initiated by lincar shaped
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TRCHNOLOGY LEVEDL - BASELINT DEESIGN

Casee- Ladish DEAC steel
Rotl tormed segments

Nozzle-=Standarvd composite plastic
construction, pgraphite
carbon cloth phenolic

TVC--1lexible bearing

APU, actuators

Propellant--Minuteman Stage 1
125 million Ib processed

Ignition--Pyrogen igniter
Safe and arm
Redundant squibs

Thrust Termination--Forward ports
1.8C
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Experipnee

Operationnl

Demonstralion

Minuteniim
120 in, 'Vitan MC
Minntemian 156G

Poscidon
120 in.,

o3

Poseidon 1

Apollo
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Minuteman 156
Posgeidon

Minuteman 196
Minutem:n

Apollo
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Pershing
120 in.
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charvges whieh cot thiongh the notor ease. This technigue is curvently in use on
Stage 11 Mindeman, Stage 1 Poseidon, Pertshing, vl has heen demonstrated on
the 120 in, SRM for Titan IHC,

The seleetion of dentonstrated materiads ool components i the alvantage
that eont and pertormanee diatn can he supported by netunl monnlieturing esperience,
Where cholees existod in the demonsteated fechnology 16 he usely the ehoiee wits
pased upon least program eost,

The dosipgn approach to nanenting was 1o design with well established
materials, use proven coneepts and mamdietn ing techniques, include redimdiant
features wherever acedssary, snd use high safoty factors, besign sifety factors
were seleeted as shown on ‘Table 8-2,

3.2 SYSTEMS ANALYSIS SUMMARY

A preliminary Systems Requirements Analysiv (Appendis A) wis prepaved
to document the systew and design reguirements foy the SRM and associated Ground
Support Equipment (GSE). ‘The analysis was conducted in accordance with the
procedure of AFSCM 875-6, "Systems Buginecting Manigement Procedures”
for expedience in preparation,

The doeuments of the analysis were devetoped and used to establish the
SRM airborne cquipment and GSE configurations,  The analysis was based upon
data from the NASA work statement (Contract No. NAS 8-28430) and from inputs
and docuinents provided Thiokol by the various vehicle study contractors, Informa-
tion was received from North American Rockwell, The Boeing Company, Lockheued
Missiles & Space Cu, Generai Dynamices, MeDonnell Douglas Astronauties Co.,
Martin Marietta Corporation, and Chrysler Corporation, The analysis identifies
all possible aspeets of the SRM system including those subsystems desceribed as
alternates to the baseline system. ‘The scope and extent of the analysis was limited
due to the time available and scope of the study program, Therefore, many
blank areas exist throughout the analysis. These blanks indicate arcas where
further systems definition is required and/or more indepth tradeoff studies need
to be conducted.

The analysis identifios, to the maximum extent possible, the most practical
and cconomic combination of airborne equipment, GSE, facilities, personnel, and
technical data that best satisty the system and design vequrements, Where various
solutions were available to solve a system ov design requirement, a solution wus
solected based upen past experience to insure that the most practical solution wis
utilized to satisty all requirements,  The analysis approach cmphasizes the philos-
ophy of a minimal quantity of airborne cquipment and GSE to accomplish multiple
tasks, ‘Traccability hetween all documents of the analysis has been maintained,
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TABLE 3-2

DESIGN SAFETY FACTORS*

1.2 proof test (on MEOP)

1.4 ultimate (cn MEOP)

2.0 nozzle ablator (on thickness)
2,0 case insulation (on thickness)

1.4 ultimate on interstage structures

*Lockheed Missiles and Space Company
Final Report, Alternate Concepts Study, Volume I, Part 3, pages 4~12.

3-4

e

T S I

—y



e

me— e S

—

e m ek

e

zaaes,

e iy e - Ry

3.2, 1 Operationnl System Analysis

The SRM stage configurations and associnged GSE, i presentod in this
study, were designad 1o sitisly all the eeguivemonts of the: Operationa] Systems
Analysis contained in Appendix A, I'hig anlynis establishes the haseling for- the
SRM dosign plus the requirements and eriteria fop Al subsynitems and COMPONENLS
tiseussed as alternates 1o the haseline,

In addition, the analysis has establishod A hasis for a proliminary summary
of GSE, facilitios, manpower quinntities and skills, ad brocedural data veguired to
support the SRM from manutacture through recovery,

The following assumptions were made concerning the operational s gueneo
in order to form a busis for analysis,

L. The intograted Space Shuttle system orbiter or
ground powcr will furnish all required excitation and
stimuli to perform a complete functional check of the
TVC system after SRM Space Shuttle integration,

2. Ordnance unit checkout after Space Shuttle vehicle
integration will be limited to monitoring 1o ussure
safe or arm condition and connector mating integrity,

3. Ordnance S & A devices will not be installed until
after the combined system tests,  Simulators will be
used to this point,

4. Checkout of the SKM before integration with the
Space Shuitle will be accomplished to the maximum
extent possible to preclude a teardown due to anomalics
found during combined system tests,

5. A low pressure test of the assembled SRM will be
conducted to check for leaks,

6. The support base on which the SRM stage is assembled
will have capubility for SRM vortieal alignment,

7. The support base will be provided by the prime con-
tractor/NASA,

8.  Maximum assembly of SRM components will he
accomplished prior to trauster to the Vertical
Assombly Building (VAB) for SRM buildup, so far
a8 ceonomically practical,

3=5




9, The VAB will be used for assembly of the Space
Shutite vehi cle.

10, Al ghipment of SRM segments 10 the Kennedy apace
Center (K5C) will he via railroad,

11, Al components coming from vendors directly to the
K5 will be p:tckaxged for shipment hy the yendor and
ghipped via common garrier.

12, A railroad extension will be pruvided from the existing
pailroad to building (RISS Building) to be built near
the Space shuttle Vehicle Assembly building.

13, A roadway will he puilt from the new Receiving, Inspec—
tion, gubassembly, Storage (RISS) Building to the Space
shuttle vehicle Assembly building which will handle

approximatcl_y 400,000 1b loads.

14, 'Thrust termination, command destruct, thrust vector
control, 1TVC stage geparation. and recovery capability
may be required.

It is recognimd that complete gubstantiation o corrections to the assump=
tions cun only oceur following further systen definition and indepth tradeoff gtudies.

3.2.1.1 Functional Flow Diagrams

Tunctional Flow Diagrams (FFD's) developed include top level FFD's

with subflows to the level yeguired to properly define @ reasonable development of
design requirements and criterii. The F¥D's are pased or the above listed assump~
tions, The FFD's have been prepared to reflect only those specific functions
agsoclated with the SRM stage. Functions that pertain to the Space Shuttle vehicle
exclusively have been grouped into a reference function.

3.2.1.2 System Functional Analysis
Requirement Allocation Sheets (RAS's) were used to document the detailed

analysis. These sheets were prcpared for each block of the FFD's involving SRM
stage equipment and agsociated GHRE design constraints. The RAS'S jdentify design

requircment::& for the SRM stage airborno eyuipment, GSE, and facilities. personnel

and proceduml dutiv rcquirenmnts are jdentified to gupport all operations from com-
pletion of manufacture of the SRM stage through SRM stage reroverys
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The design requirements contained in the RAS's for the SRM and the SRM
stage have been compiled into Section 3 of the Contract Fnd Item Specification
for the SRM and SRM stage. These are the requirements from which the design
was developed.

3, 2,2 Maintenance Analysis

Due to the limited scope of the study program, no maintenance engineering
analysis has bcen performed, Iowever, the following mainteunance philosophy has
been used by Thiokol in preparing designs and plans associated with this study
program,

1. Maintenance will be performed at o. of three
locations; (1) at the site, (2) at Thiokol /Wasatch
or (3) at the vendor, as applicable.

Maintenance performed at the site will be identified
as site or field level maintenance while that of the
vendor or Thiokol will be identified as depot level
maintenance.

2. On pad maintenance will consist of removal and
installation of modules or subassemblies.
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3.3 STAGE DESIGN SUMMARY

Four SRM stages were solected as bascline designs to provide data typical
of that requirced for the various shuttle configurations. Tach of the four baseline
designs presented is of a complete SRM propulsion stage which will be assembled
on the launch pad ready for mating with the orbiter tank. The designs are discusscd
in the following sections of this document,

Figure 3-1 presents one of two 156 in, motors, complete with all stage
hardware, used in a 156 in. SRM stage for the parallel burn configuration.
Table 3-3 isa performance summary of this one-half stage.

Figure 3-2 presents one of three 156 in, motors which are clustered to
provide the SRM stage for the series burn configuration. Table 3-4 presents 2
performance summary for this motor.

Figure 3-3 presents one of four 120 in, SRM motors for a parallel burn

configuration. Performance data for this stage is shown 1n Table 3-5.

Figure 3-4 and Table 3-6 present data on a 260 in. stage for a series
burn configuration.

3,4 SRM STAGE DESIGNS
3.4.1 Introduction

The 156 in. SRM stage for the parallel configuration received major empha-
sis during the study. Consequently, it has been defined in con siderably more detail
than the others. Since the design concepts for all large solid rocket motors are
similar, most of the design work done on the 156 in, parallel configuration is
applicable to the 156 in. scries, 120 in. parallel, and the 260 in, series configu-
ration. Rather than provide redundant data on cach design, the 156 in, parallel
design is discussed in detail in this section; the other configurations are discussed
in detail only where they differ from that described for the 156 in. parallel con-
figuration.

3,4.2 156 In. SRM stage parallel Configuration

The 156 in. SRM stage for the parallel configuration is discussed in three
parts: (1) the basic motor, (2) gpecial design features, and (3) stage components,
The basic motor discussion covers the case, propellant grain, insulation, liner,
nozzle, ignition, and an electrical system. The special design features are
optional features which can he incorporated on the hasic motor, These foatures
consist of a movable nozole TVE system and an abort « stem, The stage com=
ponents discussion involves the desceription of the no=e cone, the uft skirt and the
structure for attuchment to the 11O tank,
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Figure 3-1. 156 In. SRM Stage for Parallel Burn Configuration .
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TABLE 3~-3

PERFORMANCE SUMMARY

156 INCIt PARALLEL BURN CONFIGURATION

(Two SRM's por Launch Vehicle)

Performance
Average vacuum thrust (lb)
Burn time (sec)
Operating pressure (psia)
Average
MEOP
Vacuum specific impulse (sec)

Weight
Propellant (Ib)
Total motor (lb)
Motor mass fraction
Total stage weight (lb)
Stage mass fraction

3-10
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2,400,000
135
830
1,000 2
270, 9 _I
1,214,000 .}
1,346,000 .
0.903 !
1,872,000 '
0. 885 :;
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TARLE 3-4

PERFORMANCE SUMMARY
156 INCH SRM FOR SERIES BURN CONFIGURATION
(Three SRM's per Launch Vehicle)

Performance
Average vacuum thrust (Ib) 2,970,C00
Burn time (sec) 135
Operating pressure (psia)
Average 830
MEOP 1,000
vacuum specific impulse (sec) 267.2
Weight
Propellant weight (lbm) 1,500,000
Total motor weight (lbm) 1,654,000
Motor mass fraction 0.906
Total stage weight (lbm) 1,677,000
Stage mass fraction 0.894
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TARLE 3-H
PERFORMANCE SUMMARY

120 INCH SHM PARALLETL BURN CONVIGURA'VTON
(Four SRM's per Lannch Vcehicle)

Performmmee

S

Average vacuum theast (1b) 1, 407,000
Barn time (se¢) 112
Opoerating pressure (paia)
Average 665
MEOP 800
Vacuum specifie impulse (see) 270
Weight
Propellant weight (Lbm) 566,100
Total motor weight (lbm) 634,830
Motor miss fraction 0,892
Total stage weight (lbm) 642,241
Stage mass {raction 0.881
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Figure 3-4. 260 In. SRM Stage for Series Burn Configuration
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TARLE H-G
PERFORMANCE SUMMARY

oGO INCH SRM 1OR SERIES BIRN CONFIGITRATION
(One SRM per Lamnch Vehiele)

Performance

Average vaeaunt st (Ih) H, 920, 000
Burn time (s0¢) 1534
Operating pressure (psii)
Avorag R0
MEOR 1,000
Vaenum specific impulse (see) 2676
Weight
Propellant weight (1bm) 4, 500, 000
Totil motor weight (lbm) 4,972,000
Motor mass fraction 0. 905
Total stage weight (Lbm) 5, 023, 000
Stape neias fraction 0. 896
3-16
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A disensgion on reeovery system for this SRM stage is contained in
seetion . 0.

4.4,2.4 Nanic Motor

The hasie S1M stage 15 Hhow o) Pignre d-0. The stage contitts of two
1656 in, SIVnote cone and attachment atenctares on the forwird end and tk R,
and attach sirnefured on the aft end,

The motor condints of i segmented DGAC steel eane with it furward aned nfd
sepment and throe eenter sOPBITeNL. PThe nozzle i fixed and there are no pree
visgions for Ve, he propeiiimt i DBAN propellio dentient to that presently
whedd in Stage Minutoenun, he dosign dotiids ave i sounsed helow,
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3.4.2.1.1 Grain Design and Performance

The propellant grain for the parallel motor haseline design congists of
three cylindrical segments with a straight eylindrieal perforated (CP) eonfiguration,
a forward segment with a four slot, slotted tube configuration, and an aft segment.
witha tapered circular port (conical) configuration. The design is presented in
Figure 3-5.

The design selected has achicved success in many solid rocket motor
programs including the 120 in. Air Force Titan IIC, the Stage I Poscidon, Stage HI
Minuteman, the current version of the ‘Thiokol-developed Pershing propulsion system,
and 156 in. demonstration motors. The reliability of this design has been demon-
strated in flight in all of the above programs with the exception of the 156 in., motor
demonstrations, which consisted of static tests only.

Cost and development time savings are substantial through the use of the
circular core due to the low initial core fabrication costs and ecase hy which design
changes may be incorporated. The selection of the simple internal and end burning
CP design has not compromised the ballistic performance of the design selected.

The ballistic performance of this design is summarized in Tables 3-7 and
3-8 and the thrust and pressure time characteristics are shown in Figures 3-6 and
3-7 . The main criteria used in this design were a thrust performance of at leact
70 percent regressivity (final thrust/maximum thrust) and an MEOP of 1, 000 psia
upon which the case design is based. The resulting regressivity of this design
actually exceeded the 70 percent goal, achieving a value of 0. 50.

To achieve maximum loading density and provide maximum protection to end
domes, the forward and aft segments incorporate propellant in their respective domes.
Split flaps are provided at the ends of the dome to prevent possible propellant pull-
away due to differential thermal contraction during cooldown from cure .emperaturc.
Split flaps will be provided at both ends of each main segment, and at the ends of
the cylindrical sections of both forward and aft scgments.

The CP design is the optimum configuration for minimizing erosive
burning. The design provides initial surface area, much of which is composed of end
surfaces initially shielded from high velocity gases at the time when cerosive burning
tends to be most critical. The rate of growth of perforation flow area is relatively
slow because of the low surface area, a factor which tends to extend the period of
erosive burning, thus avoiding sharp initial pressure peaks and gradients, The CP
design also requires higher propellant burning rates as compared to star designs, a
factor which has historicall been observed to reduce the erosion burning inerement

of the burning rate. ~—
The tapered port of the aft segment was provided to reduce gas velocities N

and thus reduce erosive burning.
3=20
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TABLL 3-7

BALLISTIC PERVFORMANC I SUMMARY

Type
Weh fraction (%)
Shimber volume (insulated) (o in,)
Void volume (cu in,)
Propellant volume (cu in.)
Volumetrice loading (%)
Cross scetional loading (Ib/in.)
Initial Ap/At ratio (crit point)
Weight of propellant (lbm)
Initial surface area (sq in,)
Average surface area (sq in.)
Maximum surface area (sq in,)
Final surface area (sq in,)
Dimensions (in,)
Weab thickness
Stot width
Diameter at headend opening
Nominal CP diameoter

Diametor at nozzle cutout

d-21

Cylindrical port
Gh, )

22, 420, 000
3, 230, 000
149, 190, 000
0. 856
1,020

1.4

1, 218, 000
391, 000
380, 200
415,400
259, 300

50,47
3.0
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PARLYE 3-8

CALCULATED BALLARTHC
PUL-142/0
(10"¥ and 4 oro pria

Time

Wb burning timo (wee)

Action time ()

Pressure

Maximum chambet (s
Average web (vsia)

Averagoe action time (psin)

Thrust

Maximum thrust (1b)
Avorage web (Lbf)

Avergge action time (1bh)

Impulse
Total impulse (Ibf-sce)

Action time impulsce (Ibf-scc)

Vacuum delivered specific impulse
(lbf-:::oc/lbm)

Muss flow
Hant weight (total) (lbm)

Prope
action time (Ibm)

ant expended during
low rate (Lbm /sec)

Propell

Action time miss {

Miscollanoous

pPropollant purning rate (ips) (motor avg)

Noz-ie initial throat dismetey (in.)

Nozzle averige throat dinmeter (in.)

Radial erosion (ips)
3-22

L PER FORMANCE
4 PR()I.’]",L%.ANT GRAIN
Ambient. Pressnee)

130
136

910
780
77

2, 830, 000
2, 468, 000
2, 455, 000

331, 300, 000
331, 000, 000
270.9

1, 218, 000
1,217,000
9, 030

0. 376
45,04
46,86
0, 0135

e
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The paseline grain des ign offera the potential of A wide range of hallistie
tailoring without faerifieing aimplicity or ecage of fabrication, Joyp example, the
thrust repreasivity can he varied hy Rimply altering the length of the slotted-~tahe
forward segment, A "saddle" thmat frace (in which the themat i initinlly nighly
represstye followed by less Fegrensive perfnrmanee) ean ho provided eaqily by
ndding one or two ndditionnd glots in the headeng configuration,  Should My
Beadual theat decay during tniloff prove attreaetive from overgll Rysteme conide py-
Hong, 0 slight tapering of the poret dinmorep between head ond snd afy end of eyeh
ReRment ean he employed (o acldove thig, Identient configuration for ench v Hndrienl
ReRmMent would ho retaingd,

A maxinm regresnivity vine of 0,445 eqn he nroduecd hy substitating o fouy
sloty slotted tehe eontlguration (sdmilare 0 (he forwnrd gradn) for the afy peain P
eonfiguration, Marther inercates in repre; Hivity can he obtrined by additionn)
sloty i the slotted tube configurations. However, this will produce a “suldle" type
thrust-time trace. -

A fafrly noutral performing peain can he produced by substituting o CU con-
figuration for the slotted tube design used in the headend, ‘g will yield the slightly
humped bertormanee sharacte ristic of segmented, ond burning P configurations,
This design will he slightly progressive over the fivst 40 pereent of the firing,
lollowed by a slightly regrossive performanee down to g final hrust that iy slightly
less than the initial thrust. The ratio of maximum thrust to average thrust is 1. 09,

The all Cp configuration can be made progressive by inhibiting the prapellant
surfaces bhetween sepments,  The maxithwm progressivity (final thrust/initia | thrust
ratio) that can be obtained hy inhibiting the end surfacos is 2, 81,

Considerable performance tlexibility exists with the baseline grain configurn-~
tion. Burntime and thrust level can be varied by adjusting the operating chamber
pressure, propellant burning rate, or a combination of both the above.

The discussion which follows is limited to the verformance variation which
an be achieved within the maximum pressure capability afforded by the baseline
case dosign.  Furthor thrust-time flexibility ean be realized by inercasing motor
operating pressure.

For this particulay application, it is probably desirable to offeet burntime
ineroasc through a decerease in propellant burning rate while holding the opcrational
chamber pressure constant,  This is beeause an optimum chamber pressure for this
system (which has not yet been firmly estublished) is not likely much less than the
pressures used tor this motop design,

TFor the basceline design generated in this study, the option of inereasing
burntime without dee reasing propellant burning rate is not available, This iy
hecause the grain design has heen optimized to provide maximum propellant loading

3=25
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density within the limits of port area~to-throat area ratio (erosive Lurning eriteria)
congtraints. Thus, an increase in throat area (which offcets a reduetion in chamber
pressure and hence a reduction in hurning rate) is not posaible.

Therefore, to inerease ihe burntime of this motor desifn, the propelant
burning rate must be reduced. The haseline motor design utilizes a hurning rafe
near the mean of the burning rate range demonstrated by thig propellant. As o
result, considerable latitude is available for the reduetion of propellant pvning rafe.

A 33 sec increase in burntime can he achieved for this motor hy redueing the
purning rate to the minimum value available while polding the chamber pressure
constant. To hold a constant chamher pressure while reducing burning rate, the
nozzle throat area must be reduced by the same pereentage s the burning rate.
Resulting motor thrust would be approximately 2, 000, 000 Ibi.

Further increases in burntime can be achicved by holding throat arca constant
while reducing the purning rate. This results in a lower chamber pressure which
further recuces the motor burning rate. The maximum burntime gvailable using

this technique is 192 sec. Corresponding motor chamber pressurc and thrust are
528 psia and 1, 7290, 000 1bf, respectively.

These values represent the maximum burntime and minimum thrust available
froin this motor design without modification of the basic grain configuration.

There is not a great deal of flexibility, within the framework of the baseline
design, for the reduction of the purntime. This is bhecause the chamber pressure
cannot be increased (due to case design consiraints), and increases in propellant
burning rate are somewhat limited (without 2 modest propellant burning rate
development program).

Thus, the burntime can be reduced to ahout 118 secC, without moditying the
grain design 0T undertaking a development program to increase the burning rate.
Corresponding motor thrust would be approximately 2,780, 000 Ibf.

However, only minor modifications to the grain design would be required

to effect more substantial burntime reduction. The web thickness could be reduced
by increasing the port diameter. This would result in & small reduction of volumetric
loading and would require a slisht increase in motor length.

A parametric analysis of tailoff thrust imbalance that would be produced by
a peir of motors in the paralle! {.ace shuttle booster system wis accomplished.
In this analysis, four designs w.ch different tailoff times (diffcrent sliver fractions)
were evaluated. The thrust differential (between two motors of the same design)
produced during tailoff was then determined as & function of the percent difference
in their web burntimes.

3-26



Figure 3-8 presents the reenlts of this analysin, showing the maximum
thruat imbalanee produeed from @ pair of motors for o Spaee Shuttle mifsion as o
funetion of pereent variation in web pumtime (for each of the designa). Theoretically,
the haseline desipn produees A thrut smhalanee of preater ihan one million for ol
weh bnentime yaription; in exech of 0, 6 pereent., Phin 1o due to the natnre of
paseline greain design which han n zero pereent. pliver fraetion,

However, the aetund falloff performance could not. realistically he expeeted
to produee the rapid thrust, decay indiented hy the {heoreticn) endendations. slight.
vieeldions in harning pake and effeets of crosive huening will produce i ulight
tapering of the port envity pesulting in gliver which preventi the instantaneouds
propellant purnout predieted in the theoretieal haseling perfornante.

The tailoff performiante, produced in the static tests of 156 in. MOLOrs which
utilizod the samne grain design required abhout b see to deety to 10 percent of maximum
thrust.  The bascline dosign would be expeeted to exhibit similar ta 1011 characteristics.

he other thyee designs evaluated in this anilysis have amwoximatcly the same
thrust performance ovey web time as the bascline design.  However, glivers have
been incorporated in these dosigns, thus producing more gradual thrust decays thun
exhibited by the bhuscline theoretical performiumee. igure 3-9 compares the
thrust-time performaneo of all four designs.

As indicated above, the baseline tailoff perfermance would be expected to be
modificd somewhat in actual fiving. The actual performance, which would be
expected to exhibit o tailoff time of about 5 sec. would yield performance like that
of the design with the 5 see tailoff.

An analysis of the maximum burntime variation that might be expected from
motors for the Space shuttic booster indicates that this variation should be no
greater than 0.77 percent. 'his analysis considered the effects of burning rate
variation between motors (predicted to pe no greater than 0.3 percent) and the
yariation in nozzle crosion rate. The dashed line in ¥igure 3-8 depicts this
limiting value.

Figure 3~10 is presented as an aid in selection of tailoff characteristics.

1t shows the tailoff thrust differential as a function of tailoff time (time from web

to action time). The curve shown represents behavior for a web burntime variation
of 0.77 percent.

Figure 3-11 presents o thormalized' version of the data shown in Figure 8=3 .
In Figure 3-11 the maximum thrust differential is shown as a percentage of thrust
at web time instead of in pound=foree units.

A summary of delivered speeific impulse, predictc ! for the Spucce Shuttle
hooster operating conditions, is shown as u function of nozzle expansion ratio at
various ambiont pressure Lo stugnation chamber pressure wtios in Figure 3=-12.
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An analysig was performed to determine the variability in performance
Parameters that might be expected in the Space Shuttle application, Historiea) daty
were used where applicable and analytical methods employed elsewhere, The
parameters Investigated were the totg] impulge, vacuum speeifie impulge, burntime,
burning rate, average vacuum thrust, average chamber bPressure, and propellant
welght. Taple 3~9 presents the resultg of this analysig,

Historical data were reviewed to determine variahility in propellant welght,
vacuum specifice impulse ang burning rate since these are gencrally independent
bParameters, The Minuteman program, which utilizes the same propellant proposed
for the Space Shuttle booster, hag demongtrated a variation in vacuum specifie
impulge of 10. 6 percent about the nominal valye,

It is expected that during the Space Shuttle Program, pairs of motors will be
Produced which exhibit burning rate differences no greater than 0.3 percent (between
the pair of motors),

Analytical methods were employed to determine the variability in the
remaining Parameters, since these Parameters ape generally dependent on varioug
combinations of the pParameters,

The burntime variation is mainly dependent upon nozzle throat ¢rosion
variability ang propellant burning rate variability. The variability {n the nozzle
radial throgt erosion rate experienced op the Stage I Poseidon motor was assumed,
since the selected throat material is the same as used op Poseidon. The resulting
analysis indicated 4 maximum burntime difference of ¢, 77 percent between motors

Experience has shown that the variations in burntime ang average chamber
Pressure are nearly equivalent, Thus the maximuin percentage spreads in burntime,
shown above, were assumed for average chambep pressure,

The average thrust can be represented by the equation,

Average F = Toty] impulse/burntime

Thus, the coetlicient of variation in thyyst can he represented as the sum of the
coefficients of variation in tota] impulse ang burntime.

This results in g variation of +0, 77 Percent about the average thrust fop
pairs of motorg,

3=-33
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PERFORMANCE VARIABILITY SUUTMMARY

Maximum Devintion
Ahout the
Average Value of
Two Motorsg on
space Shuttle Boostor

Paramoeter S (/2 E—

Specific impulse (see) 40,60
Total impulsce (b-scc) 40,67
Burn rate (ips) 40,30
Propellant weight (1) 0.3

Burn time (sce) 40,48
Average thrust (Ib) 40.77
Average chamber pressurc (psia) .88
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The coefficient of rariation for total impulae ean ho considered as the s

of the cocfficients; of varintion of spoeeifie

variation of +0. G7 percent phout nominal it prodieted hetween pairs of mofepy
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3.4, 2. 1.1 1 ain atpretnyal Analysis

The SHM'R proposed for the Bphuce Shnitle Program do not depart from
eatntlished and well proven giate of the art. of solid 1‘)‘1?0]‘»0‘..1:1111, grain desigh.

Nhege motors e Larger than iy envrently in produetion, hawever, motors thif
Large (e 156 in, diameter) anve heen degipgned, fabriented, il anecessfully
qtotie tested ot Thiokul JWasateh and hy otherfs Tneh auraembled motor, eonaiating,
of five sepments, iy ahond 1, 260 in. long, Grain ghruetnril eonsiderntlons are
relnted diveetly 10 the motor Jengih-to-dinm cter vatio ( J1). bty from i gradn
struednral viewpoint, eaeh gepment 5 an entity. Henee, the prontest 1/, bl
ovents in the conter sepments. Far eompiarison, the firat stages of hath the
pPoseidon and Minuteman hallistic migsiles have L/haof 1,72 and 3.4, 1’(‘H\)(!(€1.1V('1y.
AL segments featore stress relief flaps ot each end of the prain. Fach flap is half
the length of the grain web fraction or 27 in. The Stage 1 Poseidon grain algo has
gtross roliod flaps at cach end,  The Stage 1 Minuteman has only one flap and its
stress rolie is climinated during motor cooldowi.

Another aspeet of grain structural analysis is the grain web fraction and

pore contour These grains heove aweb fraction of 0. 67 and @ gmooth or cylindri,a
cully perforat(»d (CP) bore. In contrast, the stage 1 Poseidon with a CP type hore
hus an 0.80 wob fraction. The Stage 1 Minuteman with a six point glar pcrf()rution
has a web £ wetion of 0.53. bue to the concentration offects of the gtarpoints, the

Stage 1 Minuteman is cquivalent to & P with a web fraction of 0. 74.

The £ 0t structural consideration concerns the external boundary or case=
to—propclkmt hond constraint. The center gegment pondline is & straight cylindrical
sholl as in the stage 1 Poseidon grain. Howcever, the dome segments have a cylindri-
cal section of casc and some gpherical dome bondlinc. "This is similar to the Stage 1
Minuteman constraint, except the Minutcman has & fully bonded dome. In essence,
the dome bonding offcetively increases the grain L/D as compared to free cnded
grain such as in the center segment. However, the forward dome was analyzed to
assurc that the bonded dome did not cause induced loads excecding those at the
center segment.

Figure 3-13 illustrates, schematically, the impovtant px'opollant structural
foatures of poth the Space shuttle booster and the comparable stage 1 Poscidon and
Minuteran features.

A digcussion of the only grain loading condition associated with size is in
order here. Grain stresscs and deformations due to body forces (ic, grain weight
and vibrational loadings) are size dependent whereas all other induced gLresses
and strains arc not.  Conscquently, the Stage 1 poscidon and Minuteman analogics
used gbove are not pertinent for hody forcc considerations. Howoever, the 156 in.
diameter motors mentioned above provide directly applicable packsround infor-
mation on hody force loading conditions. In processing one conter scpment of the
156-1 motor, the segmoent was sugpended vertically without end support for 1 week
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after the core mandre] had heen remaved,  Fven thongh the motor was still warm
(propellant is softer when warin), the thermal shrinkage more than compensided
for the sluniy deformation.  In other warda, at the boro, the down end of the Erain
was ahove the level ot which it hiad originally heen cast due to thermal shreivikage aq
shown in Mgure 311,

Ax o he ohserved ahove, the Space Shuttle olid propellant hooster motors
will imdergo less severe pein steucturnl Loading than experione ol hy the Stagpe )
Poscidon or Minatemnn peaing,  Yot, these itfer two motors hiave heen fired
velinhly aftey sigmificantly more stringent enviromment preloads than the spnese
hooster motors will expervionee,  Sinee the Hpaee hooster propelland 1 of the giine
family as Poscidon and Mimnteman, one coneluades that if also will he wvery relinhle
prin,

The primarvy loading conditions induedng stresses and steaing i g solid peo.
pellant voeket greain are cure and thorugl shvinkage vud motor pregsorization, 1o
el Jesser extent, vibeational loads due o transportition and handling and Tauneh
vibrations induce grain loads, Storage shmp and Luaneh dso induce grin steesses
and strains,  The Lugger the motor the lower the Luaneh neeeleration will be so that
storage and Lwmeh aree nearly identical at | g body Toree,  The vibrational Louading
is unlikely to be deleterious as shown in o reeent Stage T Minutenan program,  An
aged motor grain was instruented with grain stress awd steain pges, and then
subjected to transportation and handling tests,  The measwred stresses and stening
were very low (L8 psi) with maxinuom bondline stresses due (o (116 g ut 10 112)
vibration caused by the transporter being drviven over a hoard coarse, Uhe masitum
bore strains were on the order of 0.0005 in./in. - Although these loading conditiong
should not be ignored in a detailed structural wlysis, the thermal and pressure
envivonments the grain will be subjected to must be considered as the severest
grain design requiremoents,  'the only known solid propellant motor failure attributablce
to a vibration environment was n small tactical motor under unreal and ullrasevere
test vibrations., Normal large motor handling and transportation devices or oven
vibration testing devices eapable of inducing such unrcal loads into a lurge motor do
not exist.,

The capability of the Stage I Minuteman to withstand extended cyclic loading
was demonstrated lor transportation cnvironments,  Results of the test program are
shown in Figure 3-15, The load composite lor typical 10, 000 mi of highway travel
was measured, '1'wo motors were subjected to the high load fatigue environment by
transportingthemacross an obstacle course. The motor response wis rigid body
pitching for both the highway transportation and the obstacle course tests.  One
motor was subjected to a4 more severe environment ina vibration facility where it
was excited in a flexural mode (both ends in=phasc translation), A bigh degree of
contidenee was demonstrated when all motors fived sutistactorily alter being sub-
jected to these severe enviromuents, Therctfore, transportation and handling and
launeh vibeations must be considered as secondary structural loads,
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Figure 3-15. Summary Comparison of Load Composite for Typical 10,000
Miles of Highway Travel vs Load Spectrum Experienced
by Fatigue Test Motors (Stage I Minuteman)
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Normal solid propellant rocket motor processing for the Lynre motoy sindiced
requices an elevated propellant enye temperafure on the order of 1350 1, Sinee
the motor ease has o coefficient of thermal expmmsion 1/10 of that, of the propellant,
thermal cooldown loads the geain,  Some polymerization or core shrinkape occurs
during the 1357 1 euve time.  In Lirge motors, this shreinkage is couivalent Lo 691 op
less of thermal cooldown.  'Fhas, for o motor to he tested ol ambient Lemperatuee
(70°t0 80° 1) the effective differentinl thermal shirinkigge is 60° Lo 707 1, 'Thermal
changes on large motors have the greatest effeet on the geain when the entire grain
has reached thermal equilibruim at the Towey temperathwre,  Fortunately, the equi-
librium temperature of these Lirge motors ¢cannof T chang~d rapidly.  As discussed
elsewhere, the natural driving temperatures necessary to produce Lavge differential
grain temperatures do not oceur in continental United States. Pence, o readistic and
practical design environment would he about G0° 1 or an effoctive thermal dilferentinl
environment of 81¢ 10,

The motor operational pressure environment for design purposcs is usually
based on maximum expected operating pressure (MEOP) of the motor after pressure
cquilibrium has been reached. The predicted pressure trace of the Space Shuttle
boosters is near 800 psia, A conscrvative MEOP, then, would be 1,000 psia where
both burning ratc and grain temperatures are considered in this MEOP value,

The Space Shuttle SRM grain consists of propellant, liner, and insulation
which are all viscoclastic materials. In other words, the material mechanieal
behavior is time and temperature dependent.  To illustrate the mechanical behavior
of a viscoclastic material, Tigure 3-1¢ shows a typical propellant stress relaxation
modulus vs temperature and time. The high and low end of the modulus curve arc
denoted as glassy and equilibrium behavior. Liner and insulation have similar
characteristics, but difforent time and temperature sensitivity, Large motors
cannot be thermally changed rapidly; thus, propellant under thermal shrinkase load-
ing will exhibit cquilibrium modulus behavior, Convcersely, thie motor pressarization
takes place rapidly; and therefore, the effective propoellant modulus value wiil be
greater than equilibrium but less than glassy. The grain pressurization time and
temperature are not particularly important in a steel casce, however. Basically,
the propcilant, liner, and insulation are incompressible materials when contained
in a stecl case; thus, the material modulus has little or no cffect on the propellant
strain duc to pressure.  Also, thermally induced bore strains arce only a function
of the thermal cocfficient of expansion and Poisson's ratio. Conscquently, hore
strain predictions for the important loads are modulus independent,  Typical stress
analysis input parameters for the grain materials are shown in Table =10,

Thickol has demonstrated in Minuteman and Poseidon programs that a mai-
mum principal strain faiture eriteria is very accurate at the arain bore. Ilenee, the
grain structural hehavior parameter of interest is induced hore strain, Figure 5-17
shows a typical strain vs strain rate curve for TP=H1011 Stage T Minuteman propell.nt,
The far right side of the cut ve represents long termn ithermal and shuinys inducoed) type
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shrinkage

Thermal coefficient
of linear expansion
(in, /in, /°F)

Poisson's ratio*

Modulus (psi)

Pressure

Modulus (psi)

Poisson's ratio*

TABLE 3-10

Propellant

5.24 x 10

0,499

150

1, 000

0,499

TH

STRESS ANALYSIS INPUT PROPERTIES FOR
SPACF SHUI'I'LE BOOSTFR PROPELLANT GRAINS

Liner Insulation Case
45 x 10 w0x10°% sx10°
0. 499 0. 499 0.27
130 1,600 30 x 10°

6
130 1,600 30x10
0.499 0.499 0.27

*Poisson's ratio is near or at 0,5 but a value of 0.49) decreases computer
running time significantly without serious effect on the results,
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gtrain capability. Pressure strain capability is near the apex of the curve, The
primary loading condition can he assessed accurately by current analytieal tech~
niques discussed in the next section gimilarly, glump induced gtrains arc also
prcdictablo as the viscoclastic materials arc bchaving clastically with the equilibrivm
modulus.

Current grain design structural analysis techpigques have heen applied to the
Space Shuttle grain for the two prima grain loads and yertical slurnp. Briefly,
these techniques juvolve & finite clement stress analysis computer code for axisym-
metric bodies. The segment geometry is described 0 the computer by a grind as
shown in Figure 8- 18. The input mcchanical propertics were presented in

Table 3-10- The program is not based on yiscoelastic theory but rather on clastic
theory. Thus, limit values of relaxation modulus are used for input. Superﬁcially,
this approach may appear questionable, but the prediction accuracy has been verified
geveral times for shrinkage and slump induced strain calculations and the instru=
mented Stage 1 Minuteman resulis verified both bondline stress and pore strain
predictions. The pressure induced stresses are not as well yerified at present;
however, ina steel case grain the bondline is under compression and hence i8 not
very critical. In other words, the grain's incompressible materials compressed
against 2 much stiffer constraining case are not susceptible to fajlure. The bore
strain prediction gccuracy was studied in the Poseidon program, and these results
indicated conservatism. In other words, using the effective oY limit modulus pre-
dicts greater strains than measured in experimental motors. Results of the stress
analysis conducted for the paseline grain design arc shown in Table 3-11. The
comparable propell.ant capability for TP-H1011 propellant, shown along with attendant
margins of safety (including safoty factor at 1.5), also are shown in Table 3-11.

As can be scel, the Space Shuttle grains will be very reliable, the lowest margin

of safety is 2, 29.

structurally, the Space shuttle 156-in. grain will be very reliable. The
techniques required t0 fabricate such grains have heen established and dcmonstrated.
The prOpclla.nt, liner, and insulation used in these grains haveo been characterized
more cxtensively than any propellant cver used in SRM's. No other propellant has
cver heen made in the quantitics and for as long a time a8 this propellant. The

grain configurations designed for this grain are very amenable to structural analysis.
Turthermore, adequacy of the stress analysis techniques required have been demon-
strated repcatedly. The use of 2 proven propcllant in conjunction with proven
analysis technigues e sults in the utmost confidence in the prcdicted reliability of
these grains.
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TARLE 3-11

STRESS ANALYSIS RFESULTS FOR SPACE SHUTTLER
BOOSTER GRAINS WITH COMPARISON TO
STAGE 1 MINUTEMAN AND POSFINON GRAINS

gpace Booster Stagoe )
Load Condition Centor Segment Minuteman
shrinkage to 60°F
Bore strain (in./in.) 0,033 0,105
Propellant strain capability
(in. /in. )* 0,17 0.17
Least margin of safety** 2.43 0,08
Shrinkage plus 1 g vertical slump
Bore strain (in./in.) 0.033 0.113
Least margin of safety** 2.43 0.0
Pressure
Bore strain (in./in.) 0.044 0.100
Propellant strain capability
(in, /in. )* 0,38 0,38
Least margin of safety** 7.6 2.8
Combined pressure and shrinkage
to 60° F
Bore strain (in./in.) 0.077 0.213
Propellant strain capability
(in, /in. y* 0.38 0.38
Least v.irgin of safety** 2.29 0.19

*propellant capability = aged, lower three gigma strain

. capabilit
xxMargin of safety = Toqiaaq x 1.5 -1
e e 2 3
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Stage 1

Poseidon

0. 0h6

0.17

1,02

0,057

0.99

0.149

0.38
1.6

0.213

0.38
0.19
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3.4,2,.1.1.2 DPlume Charaeteristica

The Space Shuttle hooster motors produce a large exhaust plume, An
analysis was performed to detevmine the size of fhe hooster motor exhaust plume
and algo provide a deseription of some of its properties (veloeity, temperature).
The hooster motor operates botween sen lovel conditions up to ahout 100, 000 i
altitude. Analyses were conducted for plume conditions at sen level and 100, 000 1.,
Also of interest was the exhaust plume from the 1'I' ports at 100, 000 fi altitude.

The sea level booster plume was analyzed using an exhaust plume model
which includes plume mixing and afterburning in air developed by the Naval Weapons
Center (NWC)*, The NWC exhaust plume model along with models developed by
Lockheed Propulsion Company and AeroChem Rescarch Laboratorics have been
evaluated by Thiokol** to determine which model shows the best comparison with
test data. The model evaluation work indicated that the NWC model wns more
accurate than the others. The analysis also indicated means of improving the pre-
diction capability of the NWC model. These improvements have been incorporated
into the NWC model at Thiokol. This model is now used to predict the characteristics
of low altitude, low speed, and ncarly optimum expanded plumes with negligible
missile base effects. The Space Shuttle booster motors at sea level fit these
conditions.

The results of the sea level Space Shuttle booster motor plume analysis are
shown in Figure 3-19. The lines of constant temperature and velocity give a good
description of the plume size and physical makeup. The reaction of the exhaust
gases with air (afterburning) causes an increase in temperature within the exhaust
plume. The afterburning of the exhaust gases and air also causes the plume to be
much larger than a nonreacting exhaust plume.

The booster motor plume at 100, 000 ft was analyzed using a method of
characteristics solution for supersonic flow of an ideal, frozen or equilibrium
reacting gas mixture (MOC)***, This type program has been used extensively and
has been accepted as the standard means for calculating exhaust plumes at high
altitudes where afterburning does not occur. The Space Shuttle booster plume was
predicted with the MOC program using an ideal gas solution with equilibrium
chemistry. The results of these predictions arc shown in Figure 3-20. The plumc

*Victor, A. C. and Buecher, R. W., "An Analytical Approach to the Turbulent
Mixing of Coaxial Jets, "' N OTS-TP-4070, Naval Ordnance Test Station,
China Lake, California, October 1966.
**Webb, J. K. and Smoot, 1. D., "Comparison of Rocket Exhaust Plume Microwave
Attenuation Prediction Models, " Thiokol Chemical Corporation, to be published.
RE'Computer Program for Nozzle and Plume Analysis, " Thiokol Chemical Corpora-
tion, Program No. 83179, February 1968.
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houndary, shock structire, and lnes of constant temperafure also are shown in
Figure $3-20.

In conmparing the exhaust plumes at sei Jevel and the 100, 000 ft condition,
the sea level plume is larper. The sea level plume experiences afterburning and
o near zero veloeity: these conditions tend to produce o large eshanst plume. The
100, 000 1t exhaust plume expericnees a lower free ambient pressure than the sea
Jevel plume, bt heeause of the lack of the afterburning and compression effeet
resulting from a vehiele Mach nimber of ahout 5, the exhaust plime is smaller,

The exhaust plume predictions for the 156 in. parallel motor diseussed
above ean be used to determine the plume properties of the other designs. The
methods used to caleulate the exhaust plume structure and composition arc di rectly
pmportional to throat radius. Therefore, to obtain a desce ription of ¢xhaust plumess,
the data presented above must he sealed by the ratio of throat cadii,

3.4,2.1.2 Propellant

The propellant gelected is the Minuteman poiybutadiene acrylonitrile (PBAN)
propellant. Thiokol/Wasatch has processed 126 million 1b of this propellant.

In making this selection, it was considered necessary that the propellant
meet the following criteria.

1. liave demonstrated bellistic performance and
mechanical properties.

2. Be readily processible in volume quantities.

3. Have adequate sources of raw material supply
available at reasonable cost.

4. Exhibit a high degrce of reproducibility of both
physical and ballistic properties.

5. Have a Class 2 explosive classification.

Fxperience in the usc of propellant based on PBAN polymer has been gaincd
during a pericd of more than 10 years. This experience has evolved from the

production of the stage I Minutcman, Stage 1 Poseidon, and 156 and 260=in. develop-
ment motors. In these applications, it has been demonstrated that propellant

reproducibility is excellent and that motor pe rfermance con be reliably and accu rately

predicied utilizing lahoratory and subscale motor data.

The naost suceessful history in the use of this basic propellant provides
confidence that the SRM booster for the Space Shuttle system can he designed and
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and ﬁucoo.‘aﬁfully pruduood withont peguiring major dovolnpmuut. A minoy prnpullunt
tailoring Progriant, very limited in aeope, wmay he neeessary fay the parpose of
effecting minor adjustments of pmp(fll:mt burning rate. This would prim:n’i!_y congist
of determnining {he optinnam p:lrt,ir'l(» aine dintrihntion of the ammoninn \wruh]uruh\
fmd/ur the ruquirml jpon oxide ]‘wr(mnt:w;v,

Deemse of the puecent of the Btage 1 Minuterum andd Btage 1 Popeidon Progriniia
the do‘mtmHtrntx‘d pelinhility of pm;w‘llu.nm hated on PRAN polymer in exfremely highe
Fheve have heon over 1, 000 fest fivings of potar g PRAN polyiner pmmvl]nnt
formulations without i w"upnlﬁl:\m. fnijure, While # few of thene denks pxhibited failuren
of compomenti other tham the w'uw"ll:mt aysieny there hng peve e heen iy indication

of o 1’)1'-01)011:1,\11; system failhre.

PBAN m'n\w\\:mt:; have exeeont dm'nnn:'.\'mim\ aping vh:w;u*i('n'i:ﬂic':x. Theoe
resulls are hused upon hoth long term cppeton apsing prog et qudd on Jongy jorm mutor
aging PYORTmns. The ot pm'tim*nt it have heen obtained feonm the pm\sulhmha
taken from motors s old s O yoire Thepe dati hay e shown that the \n-n\wll:n.ﬂ
nu-cln\nicu,l ]H‘U‘)Ul‘ti(‘ﬁ do not ehanpe after the initind O monthi, W qddition, Btwe )
Minuteman motows have hoen firved suecetsiully after heing stored for over 10 years,

The composition theoreticd uwnm)clumsicul, and ph,\‘::ivul m'npm'tic:; ol
this pm]mllu,nt (’I‘hi,ukol dosignation p-ltto ) are snmarined N T T A B

PBAN pt,'t.)po.lhmt:s have the towest cont of any pr wently being weetd v large
motors. The present cost of the VAN prom‘lhmt i ;m\n'nximutuly $0. ui/h,

The p rocessing procedure will consint of canting (undet e conditions)
propullzmt directly into the insulated and lined case sogments. pon completion of
casting, the yvacuum i peleased and the gegments cured for ahout 96 hr at cure
tompe rature. After cures the mandrel is removed and the grain is cooled dowh.

The individual segments are then rewdy for nondustructi.vc tosting aud final a8 gembly.
A move detailed discussion of the m anulacturing method 18 pruscntod in the manu~
fucturing plan.

During castings m'opcllm‘\t gaumpling will be done at apps.‘opﬁ:lte intervals.
pBallistic test samples (6 in. ¢ motors) and J ANNAY standad physical gpeeimens
will be pl'cpzu'cd from thesc p\‘()‘pellmxt gamples. Testing of these speeimens then
will characterize the hallistic and ph_vsical propertics of props.,‘n:mt (and gogent).

Alternate Propellant gystem

}l_\'droxul Terminated Polyhutadience Polymer rren) isa relatively new bhut
extromely promising material for use in solid pr()[)ullanm. Thiokol has over 2 yeies
of expericnce in the development, evaluation, aned peloup of these pw.)pcllum.»s.
Mixes as large s bs 500 b have Hheen made and o prohh:ms have been cmsounl,(‘rnl.

3-52

PR

v



TABLE 312 |

PROPELLANTT PARAMET RS

Pypue PHAN
Thiokol decipnation Tl

Clrinporialion

Altinum (') 16,0 1
Animondum pevehloride (G 0,0 ‘
Binder (G0 1.0
Theovetieal thevmovhemienl dato (reference condition:s) |
'- L
- ‘ Chiraeieristio velocity (Fps) O, 186 |
f {
‘ Cr DL esponent 0, U457 ‘
Burndng vhte coclficient exponent 0,25
, Inxpansion fatio ]
Chanther sipecile heat ridio I, b3
FxiC pressiee (/s ing) b1
Chamber prossare (1, s ing) 1, 600
P temperiture sensitivity (ﬁi /de) 0. 0015
’ \
Temperature exponent 0, 0218 "
Density (/e in,) 0. 064 '
Theoretical vitcuum specific impulse (sec) 286G, 2 1
Chatmber temperiture (°K) 3,462 |
Moleeular weight of exhaust gas 28, 69
Physical properties -
-
Stress (psi) 95
Strain at maximum stross () 31
Modulus (psi) 431 I
Strain at ruptare (%) 39
4
E v .
L
!
2 B30 ]
Kl
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Howover, further development. i roqprired to quadity 101 P propeiias Ter Do
shuttle applieation.

Sinee eaperience is Limited nging this proped it sy stem, e canhidenes
exinta o ks poinhility,  However, indusivy espevicnes indientes thot bigh eelinfndady
coubil he expeeled,

The HITPR polyimer does nol contaa cinhosyl earlunmg i, ihe vedare, no hydioses
Bonds oxinl as they do in PBAN to mice propethiud vigeosity. Theretore, o i
aame moleeular weight, 1WIPH has o lower viseosity and ol the come solids Toonding,
thesie propellants are easier 10 process. Thiokol hos demonsieted colids logdiney,
A high as 90 pereent and these propellints hive been senled up sueecsstatly i
150 gal vertiend misers to the 1,500 h baten size.

Pwrning eates of 0.3 to 0.8 ipsoat 1,000 psi ive heen ohfained wild 50 e veent
solids propellants,  Uigher and cower hurning rates could he obtained readily ot
tower solids londings.  Again, hecause of he Jow viseosity of the TFTDR polyimer
hurning rite, tailoring is casily performed,

While the aging characteristics of these propellants dive st haen st
extensively, the results after | year indicate axcellent aging stability, Additional
offort is underwiy ‘o extend this peviod of time. An additional advantage of 1EPR
propellant is that o lower temperature cure can be obtained.,  This allows o reduetion
in the thermal shrinkage of the propellant and the rehy reduees ther themanlly inducced
stress and strain in the propelant grain,

As previously mentioned, ‘Thiokol hus over 10 vears oxpervience with PBAN
prepellants and while they have as muech experience s anyone in the industey with
WTPB this amounts to only over 2 years development expericnce. No production
motor experience is available for TPV propellants.

Propellants based on PBAN must be considercd more reliable thim those
based on HTPB beecause of the vast amount of experience and data available. WTPH
on the other band, may prove to be just as veliable when more expericnce is gained.

It is possible to obtain about 2 peveent hagher selids loading with 1LV
propellants than with the PBAN propelants. It is further significant that the IR
would have as good or better mechanical properties and cquivalont processing
characterisities 24 the higher solids level.
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H1'PH is more versatile than PBAN heennse oF caiier processing, wloeh
allows a wider rangie of pavticle sivze distributions and beeanse of the inhevently
lower hening eate of the PPN propellants system.

PBAN propellants have demonsteated execllent dong term aging chiarnciorviatie.,
PR mav veove to age equally s well bat eompaitive datacare nov availabife.

WIPR is superior (o PBAN in all pertinent chavactevistios ol any given sodics
toading imd has the same meehanienl properiies il approxiniely 2 perecnt higher
solids Joading,

HTEB, beeause of its lower viseosily, s casier 1o proces:s than PHAN.
Both propellant systems have been suceessiully processed al 88 pereent fotal solids
and, while they both are slightly psendoplastic, hoth can be sucecessfully enst vsing
very large motor teeboigques.

The current price of PBAN polymer is $1.40/1h while that of K4 Hivl
is $0.54/W. However, the R-16M does not include antioxidant or Acrospaee (Quality
Control ctandards.  Arco Chemical, the producer of R=-45M, estimates that ot n
production rate at 1.8 million h/yoeurr they can supply R-45M containing an antioxicind
and with Acrospace Quality Control standards at $0. 60/1b at bulk quimtities and
$0. 64/1b at truckload drum quantitics.  In large production quantities, it is cstimated
that the comparable price of PBAN could he as Jow as $0. 30/1b.

Although 1I'TP1 propellants show promisce for future, long range wtilization
they were not seriously considered by Thiokol for Space Shuttle applications.
Considerably more production program expericnce is requived before these
propellants can be considered qualified for Space Shuttle use.
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4.4.2.1,3 Cage

The basie design of the 166 in, diameter Space Shuitle moior cise woudd he
enpentinlly wnalfected by the type of material wltimately selected for e in the e,
however, the fabrication teehnigques would, of courre, hie grossly dilfceent.

The haseline case consists of a eylindrieal tube, elosed il the ends wilh 1wao
hemispherieal end domes.  The entive assembly is aubdivided into live sections
(segments) for purposes of convenienee in transportation and handling.  The three
coenter segments are 28105 in, long and arc cylindrieal in eross seetion, ‘I'he all
and forward segments contain 224 and 154 in. of eylindrical length, respeetively,
and also include hemispherical end domes with reinforecd polar cutouts of the size ve
quired to accommodate the nozzle and igniter assemblies, respectively. AL the intes
goction of the domes and ¢ylindrical sections, both fore and aft, thickened tapered
geetions provide for the attachment of un additional short cylindrical member, The
thickened tapered sceetions are referred to as the Y-rings and {the shori eylinders oy
skirts.

The tunction of the Y-rings is cgsentially twofold: (1) to provide o convenient
means of attaching the skirt without having to weld direetly on the pressure dome,
and (2) to provide a gradual transition of thickness which tends to minimize discon-
tinuity stress in the arca. A somewhat synergistic offect realized from the Y-joint
structure is that it also tends to help spread out concentratod loadings induced onto
the skirts by such items as point supports and thrust reactions.

This general type of Y-joint design has been utilized in numerous successiul

rocket motor case programs including the Stage I Minuteman case and previous 156 in.

demonsgtration  rograms,

When cutouts arc made at the apex of each dome to accommodate the nozazle
and igniter, additional material must be placed in the bore of the cutout in ovder
to prrtially replace the stiffness of the membrane, which is lost, and to provide a
mass to which the nozzle or igniter assembly can be attached (in this case bolted).
Ideally, the combined stiffness of the reinforcement ring and the added component
exactly roplaces the stiffness and displacement characteristics of the lost membrane,
however, in actual design practice, this condition is never guite obtained and there-
tore additional bending and shear stresses (discontinuity forees) are induced into the
dome. A gradual tapered transition iy provided to help attenuate these additional
stresses before basic dome thickness is reached,

Whoen TT ports exist, the same discussion applics, In fact, one significant
advantage of a hemispherical dome design is the true cireular locus of the intersee-
tion of a hemispherical dome and a cylinder whose centerline is normal to the dome
surlace,




The cylindricﬂl gkirts have proven Lo he an officient wiy of reacting, the thiast
anel support loauds normally encountered in conventionnl solid propellimt varched ot
applications,  kaeh of the individual sepments are connected hy the nse o! - Jevis
Lype segmoent joints. ‘This genceral type of joint has enjoysd entennive weape in sl
arge motor programs, Thiokol hap sueeersfully haill amed tested Both 120 and 166 .
dinmeter enges using the elevis joint conecept, Also in preprtion fov these propriont.,
a good deal of heneh testing wag aecomplished in order o demonstreate the hasie lond
earrying ability of the eoncept.  In addition to Phioko!l expericnec, the Tk e )
on motors also have utilized the elevig joint conecpt on i sueeessiul b,

"'wo variations of the eleviy joint ares the tape red pine and the st roiphi pin,
The tapered pin wis originally conecived to ingure interehanpgenbility between sep,
ments, and as an aid in geginent-to-segment assemhbly, The coneept wils steeesis
futly employed in both 120 and 156 in, sizes. In both cases, complete interehanpenbil
ity between segments at any circumferential orientation was demonstrated,  Additional
industry cxperience in the Titan program has gerved to demonstrate that, through
the proper use of good tooling techniques, interchangoeability also can be aehicoved with
the straight pin joint along with the cost, weight, amd pin retention advantages inherent
with the straight pin concept.  TFor these reasons, the straight pin concept wits selected
for the 156 mch space shuttle case design, A circumferential hand type retainer wis
golected for pin retention.

The functionality of 21l subcomponent desipgns employed in the svlected case
design bas been amply demonstrated in previous large case programs.

The following requirements were established for the design of the 166 in,
diameter casc.

1. All associatcd components: casc wall, clevis joint,
dome wall, dome reinforcement arei, ete, are to have
a minimum safety factor of 1.4. The galety factor is
defined as the predicted stress limit (maximum oxpee:-
ted) loading, divided into the minimum ultimate strength
capabi’ity of the component involved.

2., The assembly shall be capable of undergoing a prelimi-
nary hydrotest of MEOP (1, 000 psig) plus 20 pereent
or 1,200 psig without gross yiclding or cxcessive permi-
nent deformation in any component.,

3. The assembly shall be capable of repeated veuse (recyele)
for 10 firings and associated 120 percent hydrotests withoat
any behavior in vielation of item 2 above.

4. The assembly must be capable of withstanding the rigors
of oceun recovery with its associated high veloeity impact, .




, . e i

penctration and gupport fosding, At thic time, exne
recovery environments and requirenients are to b
determined, lowever typiesl vegquireme s would hes

e 100 fps impaet,
o GG 11 tota) submergenge (pose Lip)
o 20 psi max saddle pressare on secondiry cutry

5. The assembly must be eapable of hecepting o sall waler
environment for a reasonable period of lmmersion, wilh
out any deleterious cffeets on the functionatity of the
(T TSN

In addition to the above listed requirements coertiain additional regquiremaoents
also arc imposed for convenienee and cost considovations.

1. The assembly must be eapable of being statieally fired
in u horizontal attitude while supported only at the skivi

onds,

9, The individual segments must be eapable of 50 psi
Prneuma=Grip pressure over a 10 & length whilc being
held circular at the ends by a spider arrangement.

The fabrication technigue to be employed for the case is highly dependent
upon the material from which the case is being fabricated, The basic DEAC material
will be vacuum are remelted and made into ring rolled forgiugs for spinning of the
center segments and into hot or cold forgings for the dome scgments,

Present spinning and heat treatment facilities reguire that the maximum seg-
ment length be limited to 160 in.  This, of course, means that center segmont must
be further divided with an additional joint. The assumption is made, that if it should
prove to be economically advantageous, both spinning and heat treating facilities an
capabilities will be developed to handle a full scgment of 281. 5 in.

The spun D6AC segment would be heat treated and then the clovis joint config-
uration machined into the end of cach segment.  This machinc-after-heat-treat pro-
cedure is required to obtain the close tolerances required for the elevis joint,  Prior
to final machining, the entire assembly must be subjected to rigorous nondestructive
inspection in order to preclude the existence of eritical flaws.

The end segments will be rough machined to contour and then heat treated,
Final eleanup machining including the clevis joint and dome reinforcement will be done
at this time.  T'T ports will be contour machined with most of the cutting required in
the heat treated condition,
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About the only alternative 1o this procedure would he the medason o vue e
curlorentinl weld an the midpoint of cacl conter e anent price o hoeat boeals Vhae
would preclude the requivement to spin longer eylinders Thian presem by sivaiiodle
(160 ing) but wonld vequire o welding opereation with il asoocoden S nspeshion
requirements,

The hasie component. thichness for the DGAC molor has heen dived con
siatont with the approprinte pressuves and desipn rotuirentents, AL This poinl,
no detailod struetueal analysis will be presented and would in Frel he sopeviinous
sinee exact design conditions such s peelianeh: Bimeh and bt condifions: aee yel do
ho identificd,  Phe prodieted MEOP may also ehange s Final desipn peetarhation:. e
made,

At the appropriate time in the program, detailed studies will he conduetoed 1o
make meeninglul predietions concerning the state ol stress ol ench arcea of the ease,
Of particular interest will he;

1. ‘The action of the clevis joint in various toleranec con.
ditions.

9. The discontinuitios that surround the various dome
reinforcemoents such as the polar hosses and the 1P
ports,

3.  ‘The cffeet of various loading conditions or the elevis
joint,

4. 'The cffect of rather concentrated loading on the forward
and aft thrust skirvts.

Thiokol has a tull complement of structural analysis Loechniques programed
on the clectronic computer for optimum usage. These programs include both 2D
axisymmetric and fully 3D finite element programs, as well as many standard ring
and frame and axisymmetric discontinuity analyscs.  Both clastic and plastie behave-
ior can be analyzed in many programs.

The accuracy and efficiency of these technigues have heen fully demonstrated
in provious successful casc progrims.

Solid rocket motor case materials are, generally, evaluated and sclected to
prescribe cost/performance criteria, Technical requirements peentiar (6 the mis-
sion must he satisfied in total.

This scetion of the report summarizes the considerations and results leading
to selection of DEAC steel for the bascline case.  The dependent parameoeters considered

are listed in order of their importance,
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Cunl Credibility Large enve prardnetion exporicnee
sl substtinted vendor quoien wilt provide s o
ered. bility-

Rediability mud Manrating - By the divelopoienl o
appropriste failure eviterin, salety Gutors, ool
testing, verifiention testing, andl qpuidlily control
eriterin, adequate velinhility ean he predicted Tor adl
materinls considered,  Some materviads, though, will
he inherently more satistying for this applicabioan,

Qatisfaction of Design Reqairements - Binee mimy SRV
design requirements will he flexible prior o more
Final or detailed definition of the system, the choiee of
case materials must not consteain the flexibility of
SRM stage design,

Low Cost == The relative eviduation of the inpaet of
materinl selection on case cost will include the impact
ol the differential ease weighis and Tnbrication con
straints on the motor and/or stage cost.

The following materials are considerved candidnties Tor Trae segmoented solid
rocket motor case::,

—

.

18 Percent Ni Maraging - 260 Grade (vacuum meled) -
This alloy has heen used exlensively in acraspace appli-
eati- @ which include in the aiv-mell variation, pressure
vessen, for previous 156 in. motors. Tt advantagoes
include high toughness for the particular strongth tevel,
a relatively simple heat troat, and highly prodictable
dimensional changes in heat trcatment so that most, it
not all, machining can be done in the soft condition.

Its disadvantapes inetlude susceptibility to stress cor-
rosion in salt water enviromment and susceptibility Lo
pitting corrosion in humid cnvirommoent,

18 Poveent Ni Maraging - 200 Grade (vacuum weled) -
This alloy wis used (or the suceesstul 260 in. motors,
¢ higher toughness than the 250 Grade matorials, ils

advantages and disadvantages are as described for the
250 Grade,

DEAC (vacuum melied) ~-This alloy has had extensive
uge in acrospace vessels, including the Stage T Minutcmwan
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and the 126 in, Titan IILC motovs, 1 b aoqueneh

and tempoer material with toughine ss sehsitive 1o gueneh
rtos. Phe materisd alao may he expeeted 1o eslnby
gtregs corrosion sengitivity in sall water,

. 4, I8 Pereent Ni Mavaging - 100 Gde (v mietied)
Tids )lightly lower molybdenun vaviation ol the other
18 pereent, Nimaraging steels allords somewlnt imprayved
toughness nsing essentinlly the sime teehnotopy

B, NY-180 Candidites (Iwo varvictios) - Developient ol
thage alloys have heen unded by o Navied Shipes Syoienns
Command as part of o sermes of olloys desipned fo pro
vide hipgh resistonee 1o erack propagation. toili:lly
for submarine applications, bolh varieties nre veadily
fahriealed using shipyard practico,

W, 12 Poreent Ni Maraging (double vicuum melted) -
This material has been used in 6, 75 in, thick tesl
vessels having leak-hefove-burst capability,  Toter
est in it for submersibles has wianed heeaase in
those applicationy it atfords ingulficic v resist
ance Lo stress corrosion in sall water.  Along with
the 18 percent Ni alloys, it would require, in the
prosent application, a highly offecetive coating sya
tem.  Its advantages include excecedingly high tough-
ness in the pavent metal asd weld zones, 100 per-
cent weld efficieney, leak-beforc-burst eapability
in the anticipated thickness and a simple postweld
heat treat.  Its disadvantages include relatively
little use Lo date,

b, 9 Perceni Ni Maragivg (vacuum melted) -~ This
maicrial, a replacement for the 12 poreent Ni alloy,
is being used for the Navy's Deep Submersible
sSoarch Vehicle Prototype.  Its advantages include
exceedingly high toughness in the pavent metal and
weld zones (using TIG in small-bead, multipass con-
figruration), 100 percent weld efficieney, leak-hefore-

burst capability in the anticipated thickness, and no

postweld heat treat, Tts disadvantages inclade little
usc to date.

6. HY-140-5NiCrMoV (air mclt) -=Another of the Navy's
1Y series steels, this materinl  has had extensive
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wie in naval applientions aad some pressure veredcl

uee ns owell, Wi advanizees inehde cacecdingdy bign
foughness in the parent metad and weld bl sblordg,
Toak -hefore - hurst eapability in the presenl apphention,
10 pereent weld efficiency, high slvess enveosion
rogistonec, low eopt, and ensy sy bahility to Gahricition
using shipyard practicoes,

Only DOAC nuderial satisficd the con eredibifity erviterip, The Stape | Men
uteman and Titan TG SHM enses are produced Teomn this mpterind, The ondy sub
stantinted vendor price guotes (Rohr and Ladish) were for the DEAC maierialb. Tl
DEAC ende iy congiderad teehnically aceeptable, pareticudarly with no welds ol ade
quade quality control or inspection. In the final analysis, the vequired coliabitity
will he established through the developmoent ol safely Faetor or safoty nepin eriteria
from extensive materinls and component verifiention testing,

The 200 Grade 18 Nid the HY materinls are atteaetive hased on tracture
mechanies and Gabrication consideracdions,  Of these, the DY -840 5 most alfeaetive
techmionly and should be evaluated in depth prior to fingd SRM ense mgterinl selece
i, The cost eredibility of the support study will siamlb sinee an HY - Ll eone
will be less costly eveu when the inereise in motor give roguived o hidanee the i
erease in case weight is considered,

Theretore, considering design Hexibility through weldability and case of
fabrication; reparability through weldability and leak-before-burst: inherent satoty
through leak=before-burst, cnvironmental insensitivity, and material use history--
HY=-140 is the most ateractive candidate technically. 'I'he 18 Ni (200) and DHAC (200
are aceeptable technically also.  OF the acceptable matorials, only DEAC satislics
the cost eredibility eriteria and has, therefore, been selecte” as the bageline ease
matorial,
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3.4.2. 1.4 Indernal Cage Insulation

P he insedation desipn Tor the motor in ftate of the aet Both i weste vt nedes
tioa and ppplication.  The degign approach uted inelndes alb the sonndied desapu con
sidorntions snch g thernigd protection, reliabhility, weapht consboants, sonl el
Vhis motor in poet of o maneated systen. theveforee, The desigom appeonel noed pogeoess
proven celiability with i exiri moepin of snfety,

Phe ingulndion inan bdcgeal poaet ol the peopetiant peione peiontron syiben ol
st lve within itz design the phility 1o eotiove steesaes inenered m the peaom dure
enreoand therem! sheinhage, This eapahility s pravided in the Tovne ol siecss v ol
Fraps i the forward smd oft dones and caeh ewd of the evlindeient sepoents,

The thickness of the insulator is denendent apon toae miaterial echagsaetoriste
(chav/erosion pole, thermal conduelivity, exposure time s thermad How envivommeni)y.
In repions ol low esposure time, such s the midpoint in each segment oo mininim
thickness is roquired,  However, near the sogment joinls and in the domes, the ool
tor is rektively thiek due to the inereased exposure dme,

The designmation of o maneited system requives the use of aninsulator syetem
of proven relinhility, which necessitatos that the thermal properiies iid viinbility
ol these properiies shall he fully characterized.

PThe mechanies of designing the bugic insulator system utilizing these dota
follow,

1. The maximum predicted thicknoss of material affeceted
by the thermal/flow envivontment is ealewlated by wulti-
plying the maximum predicted erosion/char vate by the
oxposure time,  This is then multipiied by 2 to provide a
safoely factor,

2. 'The additional insulator materisl thickness veguired (o
provide thermal protection (o the chamwber is caleutaied
using a two moving boundary, tkermal analysis computer :
program. Program input includes: the internal chamber
environment, inswlator material thermal propevtics, the
predictod matorial affected (erosion/char) vate, the
allowable insu!ator-to-case wall interface {emporature,
cted The maximum allowable insulator-to-case wall
intertace temperature is usually based on ease structus!
integrity and ugunlly ig Lixed at 259° to 30071 for nommine-

wted systema; for this maneated systom it was assuned
to be 76°%,
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The nuterial loss ratos wsced to desigo thin motor aee crprriead o it
and are based on data From numerous applization: oF This aateriad oty ol o
similoe size and with o similae bdernad enviromeent, Al o The dlsta e tode s
the motor are subatantinted by hoth production and desiansirnion motor Fivang:

Phe dotail insulator deglpn g depicted on Fipnee 5o sod e erilrend avene
are depieted on Flgaee 32,

The effoet of the submerged aozzale on the nsabder desipn i codlected an vhe
Jow motervinl olfected vate experieneed ot seetion Bk Pygaee 0, Ve e dae
to o lower gan glow veloeily dervons the inslator than wonbd he espevienecd with e
external novale,

Phe grain sivess roliod Tlap (hickness wis designed 1o provide thermad pora
teetion to restrin the hackside temperatore rise to woll hedow the antoinition Toen poer
atire of the prapetiant,

Ashestos, silion filled NER s an insmlation maderinl which is wied e stade
ol the art throughout the industry,  his materind g been demonsteated in several
produetion progroms sueh s Minuteman, Poscidon, mud Pitan ¢ SRN,

Materinl scleetion wis based on consideration of the Tollowing thcltors (D
computibility with case and propellant/liner, particulavly with respeet to processing,
() chemical and physical stubility with respeet (o motor aging, (3) industry experi
enee und tamiliarity with fabrication technigques, (1) cost impaet ol paw materinds
and fabrications, (5) demonstrated reliahility,  The material properties of (his
ashestos, silica filled NUR material are listed in ‘Pable 8-,

The steel case internal suriace will be grit blasted and solveot eleaned with
MEK prior to installing the insulation. Chemlok 206 primoer and 220 adhesive will
be applied to the cleaned casce and allowesd to dry before installing the first ply
(sheet) of uncured rubber, Care will be oxereised Lo insure that noair is trapped
between the case and the rubber before applying the filler plics which lorm the insul
ation confipuration. Al joints in cach ply will be skived, rolled, and stitehed to fnsure
maximum contact between picees and joints in subscequent phes will be offset, Bach
ply of rubber is thoroughly volled to insure intimate contaet and that alt entrapped
aiy iy removed before installing the suceeeding ply.  The last ply of rubber covers
\ the entire insulator including the 6,08 in. thick picee in the ecnter portion of the
case segment,  This final ply provides a smooth base for propellant honding.  Bee
Figure 3-22 for a typical ply layup of a segmoent joint,

bt

The 0. 18 ine thick propellant stress velief flaps are formed by nlacing
{ rolease materinl betwoen the last two plics of the insulator to provent bonding.,  the
lengths of these Haps are shown on the motoer layout (Kigure 3-5H).
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TARLE S 4S

ARBESTOR SHACA 110 b oo
MAT I AL RGPS

Ml Anbwenton abien i d ol
Density (Ih/cea i) ot

Pensiles Steeapth (pi) 1,00

Poedness (Sheee A) 50

Thormal Conduetivity 0, 1y

(Bu/hpe-1-" 1)
specific Reas (Bta/th 1) 0,1

Diftugivity (sq 11) 0. 0nan
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The detail confignration of the insulidion which form Lhe bt joinl o
and polar boss interfice is formed during vubber Jayup by oo adpestablec tooing:
fisture.  The ingulation is vaewum-~hagped and the Case segiient i suhjeeted fo
an elevated temperature core inan autoclave,  Phe cure will he ol e miniss
temperature of 270°1 and u pressure of 80 1o 100 pria tar approsimntely 4 e,

The large gize of this motor restriets the fabrication of the rubber insulador
{0 cither in~ease integral fabrication o esternally formed insulibor Sepmenis,
. 1A

A segmented insulitor could he fabvicaled by i high pressure, closed dye
mold process, but this would produce an insulator which is inherently foss velinhle
than a one picee insulator. ‘L'he fabrication and installtion of segmentod component:
involves all the problems inherent to & one picee component. plus the additional
problems of segment orientation and joint filling. Thervefore, this technique was
not sclected.

Another area of consideration for evaluation is the use of mastic insulition
materinls which are cither castable, trowelable, or sprayable. One such miderinl
is 'TT-11-70413, an asbestos/carbon black/ammonium~phosplide-filled 1C polymer
(liquid polybutadienc carboxyl terminated) material which was demonstratedin the
260 in. diameter space booster development program, Anolher candidite maferial
is Ul'=1140, an asbestos filled epoxy polysulfide, which hius been used succeossfully
in heavyweight test motors.

Mastic insulators have been demonstrated in limited applicotion inomany
types and sizes of SRM's.  The initial cost of the raw materials is much lower bhut
the mastic materials have the characteristic of being difficult to process.

The high viscosity characteristic designed into mustics to allow their appli-
cation without siump cresics a probiem i air citrapincat and peroeity n the nast,
this problem has created the need for numerous repairvs on motors using this type of
material. An extensive program would be requived to demonstrate the feasibility
of this material in a manrated system. This would be relatively expensive and
precludes the use of this approach,
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3,442,100 Liner

U121 liner hae heen demonsteated in the produetion Stape EMinstemon
and Genie motors and in numerous developnient motors,  Phe extensive use of
this Liner system for grain retention has cnabled the ovough chapieterization ot
(1) the proceasing methods imd procedures to be wged toe itk formubatron and
appliciation and (2) ity compatability and bondability with numeroo: insulation
materials and partieularly with the ashestos, silien Hled NBICmaterad and
propellant seleeted for the haseline motor, A mateviads used in this tormula-
tion are commoereinlly available in the Targe quintitios roguired,

The U1R=2121 liner system his demonsteated escellent, physical ond therned
propertics in hoth laboratory and full senle motor testing,  Lahoratory testing
of this bond system has shown that the fajlure is 100 pureent, cohesive in the
propellant, ‘Table 3-14 shows details of materinl properties data,

The UF=2121 liner has demonstrated excellent aging chiraeteristios in
the surveillance program for Stage T Minuteman motors, No storiage motor fived
to date has shown any performance anomaly attributable {o aging., (Sce Pignee 3023
for Stage I Minuteman firing history.)

The liner is applied to the insulation/propellant interface to o nominal
thickness of 0,065 in, by means of sling Hning cquipaient, “The insulation,
including the stress relief flap, is buifed and solvent cleaned with MEK before
installation of the liner,

The design parameters used in selecting the liner system ave: (}) state-
of-the-art materials and processing approach, (2) material compatability,
9 reliskilily adequate for a manrated system, and (4) chemieal and physiceal
stability sufficient to agsure aging capability of the motor.

9.4.2.1,6 Nozzle

The nozzle for the baseline parallel burn SRM is a fixed, submorged,
convergent-divergent, state=of-the-art design. Its size, eonfignration, and
materials arc typical of those of the 156=7 nozzle successfully demonstrated by
static test in 1966 by ‘I'hiokol, It isalso similar in many respects to numerous
other nozzles both large and small which have been successfully designed,
fabricated, and tested,

The nozzle is tailored to the performance reguirements of the SRM motor
while at the same time incorporating all possible features to assuve a low cost,
highly rcliable assembly. Becauscof its proposed use in & manrated system,
higher margins of safety have been applied in design and sizing the ablative
materials and structures than arc generally used in SRM nozzle design,
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TABLY 3-14

MATERIAL PROPERPIRS, Uizl

Pot life, amhient (hr) §
Hiress (psi) AAE
Strain (in. /in.) 146
Density (gm/cm) 0. 908
Thermal conductivity %ﬁm 0. 100
Tensile adhosion to 106

1TR-111011 propellant (psi)
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I'low eantou e aronnd the pose and ato the theas e desayied o by
unilorn gas acecclevation throngh the infet seefion, thue e oeng smoollh, Caidoen
crogion, Mo aindudze crosion dad tendeney tosped et e bonagnsiios the ahbions
components material plieos are cdge-oriented 1o the por o cathor thhn ply
arienfed.  "This has beon sraven effective inmnoeron tent

The divergent cone bas o 1706 deg bl gl ol i Tan oo o oo o
fo exit plane, The reguived struetrent and abldive material thickacses ot the
oxit result in an outer dineeter of 1ho ing, well withio the mator disimeter,

The oxit cone half angle (17,5 deg) G the same g et of the The 1
156=9 nozztos and wis selectod beenuse of the availability of preevions desipn ol
fabrication cxpericnee and tast and perfornimec dita trom these nozzdes,

Tho exil cose is bricatod as two componentss, The Torward cone is hooded
to and contained within the steel strueture, The aft cone is assembled and borndexd
into the flange sirneture, then pinned and both stracture and cone ave averlaid
with glrss cloth gore panels for adided joint strength and cone retention, Che
adhesive and gore steips aree redundant safoty features sincee the shear pise e
dosigned to provide full retention,

All components ave bonded to cach other and (o the shructere, In addition,
components are seated on ramps or enteapped hy other compaonents whetever
possible Lo insure positive retention if loss of bond should aceur,

Every effort bas been made to minimize the number of components il
cronte simplicity of their configurations and of the assembly v order to fieilite
case and cconomy of fabrieation.

The design is shown in Pgure 3-24, Criteria cnployed in the design ol
the nozzle are listed in Table 3=15.

The ablative and insolative materinls selected are maievials which have
boeen used consistently in nozzles of all sizes for many years and which bave bhoen
extensively tested and proven in both R & D and operational SRM systems, OrF
particular significance is their use and succeesstul performance in the Tavpe
nozzles of previous 1200 156, and 260 in, motod programs condieted by 'Thiokal,
Lockheod, Acrojet, and UTC, The materials and their physical smd thermal
propertics are well aefined ag ave their ablntive and insniafive poerformance
characteristiess also, processing and fabrication methods have been developed
and standardized to the point, that consistency and reproducibility of propertics:
and performance from part to part is assnroed,
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TAR S

NOYZTE CHARBACTE RZESIOT DESIGN CRPE A

Pheont digmeter, indisl (in,) .01
Theont aren, initind (g i) [T Y
Fait dismmeter, initial (in,) bt
it e, dnitind (sg ing) VIR E
Ixprmsion ratio, initinl 10, 51
xit cone hatt angle @og) Uiy
submergepee (0 19,6
Progsure, average (usin) RETY
MEOPR (psin) I, 000
sSafoty factors
Ablatives 2,0
Structure 1,4
Nozzle weight (Ib) 10,1449
*Submergence, % = i:::ﬁi::i: ':::1:;::,,:-:;::‘;::?& x 100
I
-
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Siliea cloth phenolie is utilized hoth as the abilative and inslbive iy o
the submerged fixed portion of the nozzle aud b the aft exdt coi scetion wheee fhie
thermal envirenmaoent s relatively mild,  Canvias eloth phenolic, o dower copt mateying,
wik eongidered tor these wreas, It beeausie of it Jower reniptapes Lo ceasion and
much higher char eate than sillen, eonniderahly more materind s reguved. Finishued
compment. eouts are thon ensentially the same for cach materind while the ciovig
cloth phenolie component, is considerahly boavier sinee densities of thue twis curedd
materials are essentially the same.,

in the nose, throid and upper exil eone aread, whoere the thermad environmend

18 severe, carbon eloth phenolie is the seleated Hner maferind, Thit madevind provide:

excellent, predictable crosion resistanee amd has o dong histery of sueeespiul
performance in these arcas in hoth Jarge and small wovzles,

Reneath the nose and throat seetion liners, cavvas cloth phenolie in employed
as hoth insulator and filler in order to take advantage or iis low cost,

The upper cone insulator and the aft cone overlay are of glass cloth phonolic
which provides both thermal proteetion and struetu ral support to the cone liners,
selection of this materind is based on its high strength, low cost, and previous usage.

The structural clement of the nozzle is heat treated AIST 4130 steed, This
material is relatively incxpensive, readily avalluble and casy to work with from the
fabrication standpoint, while providing the necessary strongth and atiffness voguired
for the nozzle structure.

The ablative and insulative plastic consponents will be fabricated by tape
wrapping the raw materials on mandrels, the tupe being oriented to produce the
desired ply angle for cach part and then cured at the speeificd temperature, pressure,
and time which will produce the desirved properties in the finished part. Tor the
throat section nind upper and lower exit cones which are composites of two materials,
the inner lincv is tape-wrapped and debulked; the outer surface machined, then
overwrapped with the second material and the composite cured as & uait., Curing
may be done by either hydroclave or autoclave method, both being standard process-
ing techniques and procducing essentially the same end result in the finished part.
Following curing, the parts arc machined tc firal configureation for assembly into
the nozzle structure.

The foregoing fabrication methods are standard in the industry and have been
well developed and proven for nozzle plastic componenis of all sizes,  Adequate
oquipment and facilities exist and the processing techniques are already established
for fabrication of plastic components for large booster nozzles,

The nozzle structures will be machined from rolled and welded plate or from
a forging. No unigue processes or cquiproent are required or need to be developed.
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pinal appemhly of the noze le involves honding, of e v Pl Hie connponel

inito pogsition, instollbsg ihe oxif. come retention pisie et oeerleethp b cming His
gl stieture ab the exit econe joint.

Po arrive nf o erodinte nozzle desip, prchmim e, ot wore peprnod
amil e serien of analyrces mpde o entabtinh the Tingd conbipoyation  Roczbe e
eonfipgneition id inlet contouwe we e obifrined Frarn an e cotbyninoe desagpar comnpndes

program developed speelfiently for poze b, A oy aoebyiin wie peatoraed o e

the Flow patters of the exbanst gases infe the thoresd o] te deline bt Toaneden
coofficients adong the entive flow suefee, The Beat feansier dota were aleheobin

3

malsing o thernad anadysis, the posndle of which delfined the veruaret abiatoee amd

insulative liner thicknessos and the resutbmt eeosion toned ehitoe peotiles, Aetiad wiolon

opersting paiimele rg ad eshinst s prropeebies we re used G the anplyies foomure

aecitraey of the results,

Strveturnd mombers wore sized and desipgned o withadnnd pressuee onding
undder conditions of 14 times MEOP, Both steesn and tefleetion weee considered

’

in the analysis,

 al) enses, the appropriate safety faetors, s listed in Pable 301, have
hoen incorpordod Lo inswee dosign and performanee Infeprily . Mseomsive nepming
of salely, however, have heen avoided in order to minimize weight and eonst.

Frosion and char profiles resulting trom the anadyaes: ave showa an Figuee S
Magss propertios of the design are Histed in Tahle 8-14G,
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do. 2, 07 gnition Sy stew

The ignition gy stem for the hooster roctel nedor wilh B bieadend il o

Py rogen system (Pigures 0260 ol 3279, Pl fpnbbsan oy e v crmrbae Jo P
wsed an other arge molors,

The ignition agsembly is composed of five adn subnssembivess ohy sabedy
and soeming deviee, €2) pyrofechnie booster aasembly. () dnifisting Pyeogen ipnifer
(1) booster Pyvogen igniter, and (5) the ipniter cap Gulapter),

1. Safety and Armidigs Deviee = The ipnifer sately anoed
areming deviee will be 2 modidicd Minnteman deviee,
The modificationss will be primanily the replacement
of 180003 squibs with L oamp, 1w squibs amd the
incorporation of additional eirveuits in the control
conneetor to allow fire pulse monitor in the SAEE
position.  ‘This muodifieation will provide a deviee
with the sime functional characteristics as the deviee
used on the Fitian 1HC and the improved controt feafures
of the standardized Minuteman deviee,  These features
inchude switeh contiaets which ave less subject to
damags and contamination and o confrot switeh desipn
which does not permit mideyele hangup during marginal
control power operation,

The proposced squib is the 8225D0 quidificd and pro-
duced by Hercules incorporated and is the same design
as usged in the Titan NIC deviee,

| &

Pyrotochnic Booster--1he pyrotechuic booster pro-
vides the ignition {rain between the safely and aaming
device and the initiating Pyvogoen ipniter and wilk con-
tain 30 grams of 2A boron-potassium nitrate pellets,

3. Initiating Pyropen gniter--The initiating Pyrogen funiter
has o high strength steel wultiport chamber loadoed with
TE-H1016 propollimt in a 30 point star configuration.

The initiator system will operate at 1, 800 psi (Figure 3-28)
and will provide o mass discharge vate of 5,5 th/sce for
0. 14 sce.

4.  Iooster Pyrogen Igniter--The boosier Pyrogen igniter
assembly has a high strength stoel ease, NIBR external
and internal insulation, UF=-2121 lner and '1'P=11016
propellant, ‘the grain is cast in a 30 point st configu-
ration, The fgniter will operate ot 1, 500 psia (Mgure 3-20)
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Figure 3-28. Pyrogen Initiator Pressure-Time Trace
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Figure 3-29, DPyrogen Igniter Performanee

3-83




L

and will provide a mass discharge cate of 286 Wi/ e
for approximately 0.6 gee,

B Igniter Cap (Adapter)-~"The igniter cap provides for
attachment of the initlating Pyvogen igniter, hoogtor
Pyrogen igniter, hoogter assembly amd the B & A
device nto one infopeal wuit,  Phe Bmiter eap is made
of high stronpth steel,

The desired igniter propellant. characeteristics ave high hurning rafe ol
reasonibly low pressure, o rolatively high flume emperature, good cured phy sicl
propertics, and a relatively low casting viseosity. ‘o meel these vequirements
the Stage 1 Minuteman igniter propetlant (MP-111016) was sclected {or use in the
Eyoogen initiator and the Byrogen igniter,

Initiator and igniter design performance summary is shown in Table 3-17,

The sequence for motor ignition is: (1) the 8 & A device is cleetrienlly armed
and the two squibs arc clectrically inifiated, (2) the (lame and pressure ereated by
the squibs rupturces two windows (diaphragms) and ignites the booster assemhly,

(3) the flame from the booster charge ignites the indtiating Pyrogen igniter, and

(4) the initiating Pyrogen igniter exhaust gases ignite the booster Pyrogen igniter.
The ignition transient of & motor is made up of four relatively distinet time periods
which are identificd as follows.

1. gniter response time,

9. ‘Time to achicve motor pressure=-igniter output equilibrivan
prior to motor propellant ignition,

3, Lag time or time between cquibbrium pressure achicve-
ment and first ignition of motor propellant,

4, Flame spreading time ox time from end of lag time until
all surfaces of the motor grain have: been ignited.

The ignition transient for the large booster bascline motor was predicted,
The prediction includes an equilibrium calculation which begins at the end of lag
time and ends with achlevement of meter equilibrium pregsure.  The predietion is
based on ballistic and physical characteristics of the large booster motor grain, the
ignition parameters of the proposed fgnition system, catimated time of first {pnition,
and flume spreading rates over all surfaces of the motor. Motor pressure, thrust,
mass tlow rate and surface arca ignited plus igniter pressure and mass flow rate arc
computed as functions of time,
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TART ST

TGNTIE R DESIGN AND PERFORMANCE

Chawacterigtic

Grain diameter (in,)

Grain design

Grain eylindricad volumetrie loading
Cylindrieal length (ing)

Tota) grain length (in.)

Propellant weight (1)

Throat arca (in.)

Maximum pressure Qsia)

weight flow rate at max P, (Ib/ see)
Burn (0=wcb burnout) time (scc)
Time to 95% Py, (8CC)

Chamber frec volume (cu in, )

Initiator flow rate (Ih/scc)
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The predicted chamber pressure teansient for the Tarpe hoosber wotor i
Hustrated in Fignee 3-30 . The design pavameters ad clhineacteriatien shown in
Table 8-18 were naed to slze the hooster igniter o achicve veguived metor iprnikion
chavacteriasties,

The eleetrienl inftiation redundiney from the power supply o the 5 & A e
vico 1 shown W Figure 8-31, 'The 8 & A deviee abuo contidng i own redundn
initintors and fiving cireniis,

A tradeofl study (cost, function, ind veliahility) wios condueted to evaliade
modification of the Minuteman 8§ & A deviee vs using the gualilied "Titan W1 devie,
‘ps

The study revealed that modifieation and requalification of the Minuteman 5 & A
device outweighed the cost disadvantages ol the Titan 1HC deviee,

"The modifications of the Minuteman 8 & A davice are primarily the roplace:
maent of the 18003 squib with a1 amp, 1w squib and the incorporation of additional
cireuits in the conteol connoctor to allow fire pulse wonitor in the SAKY position,
This device will provide the same functional characteristics aus the Titan 11C
device and the improved control features of the standavdized device,  These features
includo switch contiaets which are less subjoct to damage i contamination and a
control switch dusign which does not peimit mideyale hangup during marginal con-
trol power operation.

The proposcd squib is the qualified 522510 as produced by Herenles Incorpe:
rated and which is used currently in the Pitan 1M1C device,

The propellant sclection for use in both the initinting aned main Pyrogen
igniters is 'TP-M1016. This is the Stuge | Minuteman igniter propellant and has
been selected because it meets all ballistic requirements, and it is o fully charac-
terized propellant with excellent physical propertics, high density, and a high e
temperaturc.

TP-111.016 propellant has a liguid terpolymer, butadienc=acrylic acid,
acrylonitrile (HB) mixed with a liquid epoxy resin for the binder system, iron oxide
burning rate catalyst, 2 percent sphorical aluminwm and ammoniwm perchlorate
oxidizer. The burning rate of "TP-H1016 is 0. 84 ips at 1, 000 psi. The igoiter grain
design is shown in Figure 3-17 .

'The igniter chambers for the indtiating and main Pyrogen igniters will be
made from 4130 or 4340 high strength steel, spin forged and/or machined and beat
treated to 160 ksi minimum tensile strength,  Thia scleetion is based on a minimum
cost and weight analysis,

The main Pyrogen igniter will operate at a chamber pressure of 1,500 psi.
A sufety factor of 2.0 will be used in design of this chamber,  The additional weight
incurred by this higher safety factor will be insignificant and is desirable in Igniters
where it 1s neeeasary to obtain a high mass flow rate ina short time interval,
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Figure 3-30. Motor Ignition Transient
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TABLL 318

TONPPET DESIGN PARAMEITERS AND CHARATTERRESC,

Charneterisiic,
Wpniter coeffleient
Lendier burptlime (Ree)
Port to thios, ratio

Pressure produced by the igniter in
the motor (psi)

Lmiter flame temporatnre, exil ("h)
ymiter whiminum content ('

Igniter length to diamcetes ratio
Number of nozzles

Igniter electrie initiator, no-fire
power load
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The steel chanber will he iadated both Interadly and exb cosdty o T
exteran] insulation connigts of 008 e ol ashesios Fidhed Sontt dond ups and votoaud o d
in pluee. Vapering of the insulation will allow controllod harpbael o mnpliomn
of the atee) Pyroger. eare. The Insulation 1o D oo chan eodood 10T ks o
with a 1.4 Aalely laeiow,

e Interml inanbiion protecis the ipniter ease Protn over boegbing evhieh
coubd eanae externgi fnmdation howdline itaee if perinitted) duving Bodh bhe it
andd motor netion Limes,

Phe fndernad and esternnl inslalors eon e videaneeed pdoee . thoeveby
climinating the toleranee problems novm iy ansocinded witlo mobded vabhes poets
The insulation, will he o filled NBR cabher,

The procured 8 & A deviee will he leebviently cheekod, and o weighed
quamtity of pyroteeinic pelicts will he prehed in the container in the deviee, A
foam plastie cushion and perforated cover plate will sead the peliet. container,

the steel echamber will be aproeneed item, The chamber will be hrush
Fined and eured. Plugs in the nozzle avilices will s the nozzdes and acel o gaides
for the easting mundrel,  The propellant will he hayonnel-east into the chamber to
a preset 1ovel and then the mandrel prossed into the nneared propeffant,  Alter enre,
tooling disasscmbly, tnd propellant cuthaek, the igniter will be reindy for use,

‘The main Pyrogen chiumber will he a procurcd item, 1 will bhe hyilrotesited
at the supplicr.  After reccipt, it will be eleancd and insulation applicd, vaenum
bagged, and cured in a pressurized heated autoclave,

The Pyrogen grain starpoints are wide enough to permit pressure ol sting of
the propellant through the igniter noz sle with the mandrel in place,  After the pro-
peliant has filled the chamber to a predetermined level, the mandrel is seated inbo
the casting base. After cure, tooling disassembly, core rewmoval, ind cuthack,
the igniter wiil be ready lor use.

A high density foam plastic plug will e bonded into the nozzle of the Pyrogen
jgniter to provide a motsture seal.

The motor forward closure with initiating Uyrogen igniter and main Pyrogen
igniter assembled to it will be assembled to the motor forward segment ds a unit,
The 8 & A deviee will be assembled to the tnitiastion assembly prior to shipment.,
An igniter 8 & A device in the SAIE position presents vo additionnl hazard to the
sy stem, .

Aft-cnd-mounted Pyrogen iguition systems of the Launcher retained vaviely
were considered for this application, ‘They bave been demonstrated by Thiokol, P ]
Acrojot, and UTC. The largest rocket motors tested Lo date (156 and 260 in,

3-90

-~




o

’3-‘-—0

dismetey motors) have heen ignited Dy Bnmehes vetioned Py vopcn egater . Glluy 1o
and 120 in, motors have heen dgnited by headend Py eogon sopdovs, e des e e
elers for aft end ignition are well known aad decopted o the s dee s Vhio dese
parameters for the headend dgniters aree alao well Faown sad ot ddesmonstodod dor vy
Bvge mators, The advantagos ol attend sonated foaned vetooed Bryono e oot

Lo The Ineet components of the gpnites are ol corried wilh
the motor and present aoweipld soving::,

o The dgaition sy stem docs not have fo beoncdde fheebia g b
Beavy mate nla can be wsed Deeanse fheoweishl o ool

carvicd with the niotoe:,

doo A hendend dpuiter povt s nol vequived in the rofor,

o Atull Beadend propellant web miay he ufilized,

The reduced inert component weight and inerensed propeitanl weight hoth
result in improved motor performance,  When the motore ignites and deceleraios
away rapidly afler ignitior, o very simple supporet for the igniter icall that in
roquired,

I gystems such as the Space Shuttle, the launch vohicele will he dicd down fo
the Launch strocture and will not be ralensed antil full thrust is achioved,  The igniter
:annot be elt in the nozzle for this Llength of time,  Howonld be necessary to provide
some sort of retraction mechuanism lor the ignition system which would withdeow il
when a desired motor chamber pressure has been achicved,  The cost of ignition
system retraction wechanisms would far offset the savings achioved in the use of
heavyweight components,

Static tests of Large aft end ignited motors ave complicated, A support structure,
ralease mechanism and a sled and track are all required to Pold the igniter until the
motor is ignited and then to remove it from the nozzle alter the motor bhas ignited,
Therefore, bascd on design simplicity of the launch pad and the improved ignition
characteristics for the rocket motors, a beadend Dyrogen ignition systom was
sclected for the Space Shultle motors,

A fiberglass igniter chamber has wmany attretive Teatures and was considered,
Internal and external insulators lor the igniter would not be required,  The igniter
chamber could be allowad to burn back throughout the duration of motor burnlime,
Fiberglass chars in such & way as (o proteet the internal igniter cotapouents from
excessive heating.  The igniter propellant grain designs vequire long starpoints and
@ very thin case propeiblant web.  This vequirement dietates that the igniter chambor
have at least one end open to the full diameter of the chamber to pass the casting
mandrel. Small fiberglass igniter chambers have been degigned for smal) Dyropen
igniters with a full opening on one end achieved by tapering or coning the fiberglass

3-91




owtward at the open ena and gondwiching it hetweoen an himer aod outer sbeed ring,
This teehalque eannot be gealed up to the dinmoter required for the Spacee Bladtle
without making the steel rings excessively heavy and, therefore, prectides the use
of Tiherglags eases.
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S.0.2.0.8%  Rleetrien)

The eleetvieal and cleetronice systems are comprined ob oo e e
categories of cquipment and associnted cable,

I Elecetrien) subaystem,

2, Instrumentation subsysiem,

The design of the varions subsystems will be based on the bunctionad o
seriptionand the system pegairements ol cach estegory, headl cases, quatitieniion
to manrated flight operation will he o desipgn requiremaeny,

The Space Shuttle SRM clectrieal system provesses iad distributes SHM
airborne clectrieal signals, ground power, and blockhouse controls for operating
the SRM ignition and instrumentation systems,

Design requirements will be satis

ified by using qualified components, The
following electrical compononts make ap

RS

e clectrien] subsysiem,

1, Instrumoentation battery,
2. Power transfer switch,
3. Cable assembly,

4. Instrumentation enclosure,

Wire gages, types, configuration, and capacities will be equal or exceod
the required specification,  The use of twisted shielded wire and overall cable
assembly shielding is consistent with that used on manrated flight qualiticd
systems. Overall design chavicteristics of the complete assembly will be as
pood or better than the design specification,  The components meet the vogquire-
ments of the environment as shown as Table 2-18A,

Guidance common cirveuit isolation and the vehicle single point ground
charactevistics will be consistent with design criterin,  Scparate conductors are
provided in the cable assomblies for these civeuit returns,

The SRM clectrical system is required to supply aivhorne power and pro-
vide for distribution of power from both airborne and ground sonrces to the vehiele
monitoring, ordnance, and ins(rumentiation systems,  ‘The systom adso must dis-
tribute orbiter command signals and must distribute power supplied by the orbiter
for SRM igniter squib ignition,

Monitoring capability for conntdown and hold, ground checkout tests, and
cotubined systems tests are requived,  Additional vebicle electrienl system
regul rements includes
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1. Digtribution of airborne instruaraotation sap s
conditioned (o the proper naepgin Jovels 1o fh
SRM Spuce Shaltle eleeteienl inteataee,

2, Dristribution and isolption ol the vodandion
’I ipnition cuervent and the provisaon of caveond
, Tivaiting Tov all avduanes civenits,

3. Provision of switehing eapahility tor poves

teansfer from gronnd o vivhorne power,

1, Isolation of the gaidinee commeon civeuit,
i, Compatibitity with o vehiels sinple point geound,
6, Provision and distribution ol vege ced insira-

mentntion exeitation power,

7. Provision for steay voltage detection for the
ignition ovdnance,
All eloetricn] conpections between the SRM and the Bpoce Bhuttte ave thragh
the forward staging conneetions,  Eleeiren] components ave intereonneeted nsing
independent cable assewblios with one or more connecioes oi ciaeh ond,

The SRM instrumentition signals for flight and haadiine data ave congditioned
in the instrumentation enclosure,  Power for the instrumoentation system is pro-
vided by the airborne instrumentation battery and conditioned 1o the proper Tevels
inside the instrumentation enclosure,

: Adequitle provisions iare made in ench eable assembly for distributing

vehicle monitor power for countdown and hold, ground choeekot, and combined
systems test monitoring regquirements.

The electrical configuration will be investigated to locate the individual
worst ease cirenit (cable run, resistance, gaging) and analyze that civenit to
dotermine the effeet of changos in configuration, wire length, and the type of
wire.

———

The layout of the instrumentation system is shown in Figuree 8-32,

The SRM instrumentation system supplios vehiele events and conditioned
information for performing SRM analyses and eviduation,  The systems are
divided into two categories: prelaunch system and posthumeh (flight) system,
This division distinguisbes betwesn parameters monitored priov to launch thot
no longer reguire monitoring following lanneh and the inflight measuremoent
parameters,  ‘Phe prelaunch mstramentation subsystem senses events and
conditions within the SRM and supplies an clectrical measnre of the function
through the umbilical to the ground faeility for recording.  The inflight
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PTRANSDUCKR . N, CONDIFIONE D
SIGNALS - L"b"/ NIGNALS

TO ORMBIER
INSTRUMENTATION

UNYY
(SIGNAL,
CONDITIONING)
GROUND
MONITOR

AND
CALIBRATION BIM: 12 I’ BY 12 IN,

(UMBILICAL) BY 24 IN., 35 LB
INSTRUMENT
BATTERY

. DIM: 12 BY 12 BY

gg(v)g:‘l’ 10 IN., 53 1B
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CIRCUTT

36175-8Y

Vigure 4-32. Instrumentation Sy dem Layout
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instrumentation system senses events and conditions within the S8RV, conditions
these signals and sends them to the orbiter for tolemetry to groun 1 facilitics,

The SRM Ingtrumentation syrtem provides eloctrient nnilog Rigiuds OfF
vehicle conditions and events for verifying and cvaluating vehicle performanee
hefore and during flight. Provisions will be made an ench SRM for 108 channels
of data,

The recommended fHght instrumentation as shown on Table 3-19is lfor
the one unmanned and the five manned flights.

Proposed configuration and detailed mission requirements dietate the need
for customer approval of the proposed measurement list prior to implemontation.
The inclusion of any item of instrumentation must be dosigned with a sufficient
margin of safety to preclude failure of ‘the flight vehicle due to instrumentation
failure. Techniques of high burst pressure ratings, cleetrical safety resistors,
minimization of structural complexity, proper clectrical impedance matching
and minimization of electromagnetic interference in design will be employed.

The required accuracy of 0.5 percent (three-sigma) relates to the customer
needs for accurately defining the vehicle performance. Consequently, this
accuracy will be representative of the total stimulus to forward staging disconnect,
with traceability to the National Bureau of Standards. A high confidence level of
system performance will be obtained to assure compliance with these requirements,

Output impedance at the forward staging disconnects of the instrumentation
signals will not exceed 500 ohms or 500 ohms maximum shunted by 0.1 pf capaci-
tance to insure proper coding by the Space Shuttle (PCM) encoder or multiplexer.

The instrumentation will be powered by ground power or an airborne power
supply with final switching to the airborne supply approximately 11 sec hefore
launch,

All instrumentation components will survive environments of flight, handling,
and transportation, and be compatible with the reactants involved on the total
vehicle. Maintenance will be provided for the vehicle single point grounding sys-
tem with isolation of the guidance common circuitry, System design allows
compliance with the hold and turnaround requirements.

The prelaunch instrumentation includes the calibration of instrumentation
channels, as well as the monitoring of battery voltage, stray voltage on ignition
line and safety and arming indication, Also the operation check of the ground to
airborne power switch ig a prelaunch function,

The postlaunch instrumentation includes some prelaunch tests on the
operation of the nozzle actuation system., This monitoring continues into flight,
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TABLE 3-19

Preaaure measurements
Radiometer measurements
Calorimeter measurements
Temperature measurements
Acceleration measurements
Thrust termination measurement
ISDS measurements

Destruct command measurements
Staging command measurements
Nitrogen squib valve monitors
Nitrogen regulation pressures
Monofuel pressures
Decomposition chamber pressures
HPU - starter grain No. 1

HPU - starter grain No. 2
Turbine speed magnetic pickups
28 vde power bus A

28 vdc power bus B

EDV (pump) monitors

Lube oil temperatures

Hydraulic system pressures
Hydraulic system return
Differential pressures

TVC commands

TVC feedbackse

Failure indicator switches
Arm-=disarm signals

Battery initiator monitors
Control box monitors
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(optional)
(optional)
(optional)

{optional)
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therefore,it is elagsed as postlannch,  Also ineluded in the postliunch instramoenta-
tion ure the SRM performan..e monitor channels, presgure, temperatores, and
acceleration,

The ingirumentation unit individunlly conditions cich channel of diata to he
sent. to the multiplexer on the orbiter. This conditioning ineludes hridge balanee
units, temperature reference ovens, accelerometer amplificrs, and event
conditioners.

The battery required for the fnstrumoentation system was selected on the
basls of heing qualificd for manrated flight systems and with the roguirement ol
meeting the onboard flight specifientions.  The ingtrumaentiation battery provides
the regulated excitation power and the signal conditioning power for all channels
of data throughout the SRM mission,

The subsystem assembly has switching capability from ground power Lo
battery power, Switching circuits to switch from ground power for preliminary
and functional checkout to hattery power for final checkout, ealibration, and
flight performance are designed into the subsystem using flight gualified electronic
and electromechanical components for reliability of performance.

The design oi the cables for the distribution of the power uses wires of a
sufficient size to carry the intended current without an appreciable line loss of
power in the cables, All cables terminate in flight qualified electrical connectors.
The cables are shielded against any electromagnetic interference (EMI). The
control leads and the instrumentation leads are fabricated in separate cables to
minimize inductive pickup between leads.

The packaging and mounting of the subsystems take into consideration the
environmental conditions to which the systems will be subjected. The cases have
a watertight seal with hermetically sealed electrical connectors. The battery
and electronic circuits are shock mounted to impede the inherent shock and
vibration of the SRM assembly through liftoff, flight, separation, and ocean
splashdown,

The subsystems with the associated cables are capable of continnous

aperation for checkout and calibration throughout the complete flight mission from
either ground power or from the onboard batteries.
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q.4.2,2 Additional Design Features

The design features discussed helow are presented separately from the huse-
line design in accordance with the NASA direction to provide visibility as to the effect
(primarily on cost) of a TVC and ahort system, The TVC ayatem consists of a movable
nozzle with a flexible bearing, an actuation syatem, a hydraulic power unit (P, and
the associated electronics.

The ahort system is comprised of thrust termination ports at the head end of
the motor, a malfunction detection system, and an optional motor destruet system. The
necessary electronic equipment relative to the atage is also discussed,

Figure 3-33 shows the parallel burn SRM Stage incorporating thesc additional
design features.

3.4.2,2.1 TVC System

The TVC system selected s based upon the use of a flexible bearing Lo achieve
nozzle thrust deflection capability. This system has heen successfully tested on 156 in.
motors and is currently employed on both stages of the Poseidon weapon system. The
flexible bearing is the logical selection, based upon experience and demonstrated
capability, Further rationale leading to its selection is presented below.

Numerous studies have been performed over the past few years by Thiokol,
Aerojet, Lockheed, and NASA investigating the various types of TVC nozzles that
could be readily adapted for use on & large solid propellant booster, These studies
coneidered the following nozzle types:

1., Forward pivoted flexible bearing nozzle

2, Aft pivoted flexible bearing nozzale

3. Hot gas secondary injection TVC (HGTVC) nuzzle

4. Liquid injection TVC (LITVC) nozzle

5. Gimbaled nozzle

€. Mechanical interference TVC systems such as:
a, Jet tabs
b, Jetavators

o, dJet vanes

3-100
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d, Supersonic splitline

e. Mechanieal prohes
7. Dual flexihle hearing nozzle
8. Techroll movable nozzle

The studies indicated that none of the mechanical interference systems
warranted further investigation as it was concluded that development risks (and cost)
were greater than other TVC techniques, primarily because of the severe materials
problems, Additionally, high nozzle and actuation system weight penalties and per-
formance losses were encountered.

Of the many TVC systems investigated, the dual flex concept is by far the
most attractive with regard to total system weight (the sum of nozzle and actuation
system weight), required actuation system output horsepower, and cost. However,
although the dual flex has been successfully demonstrated in an actual subscale static
test, it is not as fully developed as are the single flexible bearings which have been
fabricated and successfully flight tested on the Poseidon and Minuteman systems and
successfully bench and static tested on 156 in. motors, Considerable development
offort and cost would be required to advance the dual flex concept to the same relative
state.

Studies performed by NASA* and others on TVC systems for the 260-in, diameter
motors showed LITVC to be considerably inferior to the movable flexible bearing
nozzle from both weight and cost standpoints, even for small thrust vector angle require-
ments. The LITVC system weight was found to be about three times that of the flexible
bearing system and the cost nearly 81 percent higher. A comparison of typical systems
for a 156-in. motor indicated approximately the same results,

If large vector angles are desired, as in the proposed system, the flexible
bearing system has demonstrated a thrust vectoring capability up to * 17.5 deg in
smaller tactical missile system nozzles. Studies and analyses have shown such vector
capability can be readily achieved in laiger siae flexiblc bearings, The TITVC svstem
is 1imited to a maximum achievable effective angle of 4 to 5 deg.

The hot gas thrust vector control technique has the same disadvantages as the
LITVC method with the additional drawhack of not being state-of-the-art. This technique
would also necessitate an extensive development program prior to its acceptance as a
reliable means of thrust vectoring.

*Ref NASA Technical Memorandum NASA-TMX-67912,
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The gimbaled nozzle has the advantage of heing state-of-the-art and has the
capahility of attaining large vector angles, but weight and fahrication cost are pro-
hibitive regardless of the required veetor angle,

The Techroll Movahle Nozzle eoncept being developed hy UTC appears quite
promising from the standpoint of having lower system torque and, therefore, reduccd
actuation system power requirements and weight. The concept has heen demonstrated
on some small nozzles but is far from being state-of-the-art, particularly for the
large size nozzles being considered, Extensive development would he required,
Cursory investigation of a typical Techroll system for the 156~in, size nozzle indieates
that the end rings would he quite massive and much heavier than those for a flexible
bearing system. In addition, the radial elearances required between the inner and outer
rings would permit excessive radial movement and offset the thrust centerline unless
an additional restrictive system was developed and incorporated.

The aft pivot flexible bearing system is nearly equivalent to the forward pivoted
gystem, It would require & greater actuation system power capability, however, since
the available moment arm length is considerably less than that of the fo rward pivoted
system.

In summary, investigation of the forward pivoted flexible bearing nozzle
indicated it to be the most suitable system for the 156-in. SRM booster motors. It
is a highly reliable, relatively lightweight system as well as being considerably lower
in cost than the other systems evaluated.

3.4.2.2.1.1 TVC Nozzle

The TVC nozzle is a partially submerged, movable, omniaxial, state-of-the-art
design providing + 5 deg thrust vector control capability, Its size, configuration,
gimbaling mechaniem, and materials are typical of those of the 156-9 nozzle successfully
demonstrated by static test in 1867,

The gimbaling mechanism is a forward pivoted flexible bearing consisting of
alternate laminae of metallic and elastomeric shims integrally bonded to and between
forward and aft end rirzs which in turn interface with the nozzle movable and fixed
sections to form the complete assembly. .

With exception of the gimbaling mechanism, the nozzle is essentially identical
to the baseline SRM nozzle and contains the same besic design features, redundancies,
and margins of safety.

The nozzle design is shown in Figure 3-34. Criteria employed in developing

the design and dimensional characteristics of the nozzle are listed in Table 3-2¢.
Figure 3-35 shows a cross section of the flexible hearing assembly.

3-104




FOTDOTTT FRAMI

CARBON CLOTH PHMLOK. ..
Y

\

15 %0 -

wd "t

OiA
e CANVAS
. PHENGLIC

|
|

N

N

\\'\«'
LT H

eea ¢ ™
PHENOLIC

Vo AIS) &%) GTEE .

- A1SI #1350 OTRE

@ STEE. SHIME L 370 THICK
7 BLARTOMERIC SHIMS 196 THICK

DETAIL A

HLARS 7 DT PHENOLIC

CARBGN £u0TH PRENGL L

L TeR 4 PLACES
A APART




|

FOTNOUT TRAME ¢/

e o e+ e e e UM ok .12 JTTUR -
e ee e g et e e Seeipmaatm e n e e e g e P - - .
) i

i

y

t

4

i

i

§

i

'

WIN GLOTH PHENDLIC

BLICA CLOTH PMENOLIS

;
t
[lo 41
4 ! [T Pl
PHENOLIG { g
! HA

-




OTDOTIT FRAMR » |
FOLLOUT FRAMP

}-H T

T




i TABLL 3-20

NOZZLE, CHARACTERISTICH DESIGN CRITERIA

Throat Diameter, Inftial (in.) A,
Throat Arca, Initial (sq in.) 1, 508, 26
Fxit Diameter, itial (in.) 148, 0
Exit Arca, Initial (sq in.) 17, 203. 4
Expansion Ratio, Initial 10. 821
Exit Cone Lialf Angle (deg) 17.5
Submergence (%)* 9.4
TVC Capability (deg) 46
TVC Slew Rate (deg/sec) 5
Pressure, Average (psia) 830
MEOP (psia) 1, 000
Safety Factors

Ablatives 2.0

Structure 1.4

Proof Pressure Test, Flex Seal 1.2 x MEOP
Nozzle Weight (Ib) 11, 890.38

Lenﬁh. Throat to Flange

*Submergence (%) = Tength, Throat to EXit

x 100
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The ahlative and insulative materialg are identienl to those of the haseline
fixed nozzle, are used in the same manner throughout this design, and were gelected
for the reasons cited previously,

The structural elevients of hoth the movahle and fixed seetions of the nozzle
are heat treated AISI 4130 ateel, as are the end rings and metallie shims of the tlexible
hearing. This material is relatively inexpensive, readily available, and enry to work
with from the fabrication standpoint, while providing the necessary sirength and
stiffness required for the nozzle and hearing struetural eloments,

For the flexible hearing elastomer, hoth natural rubber and synihetie poly-
isoprene have hoen used extensively, and there 18 lttlo or no difference in performanee,
Polyisoprene has a somewhat higher shear strength than the natural rubber, however,
and therefore, has heen selected for this design, The flexible hearing insulative haot
is of V-44, nn ashestos/silica filled elastomeric material which also has heen tosted
previously and proven in this and other applications.

Fabrication of the nozzle structural elements and ablative/insulative liners
is accomplished in the same manner previously described for the baseline fixed nozzle.

In fabricating the flexible bearing assembly, the end rings are machined from
ring forgings, and the metal shims are either spin or explosive formed from shect
stock. After trimming, surface preparation and cleaning of the metal shims is com-
pleted, appropriate thicknesses of the uncuved elastomer are laid up on each shim,
and the shims then stacked between the end rings in a mold fixture which holds the shims
in their proper position, Correct spacing of the shims is also provided for by the
fixture to insure proper thicknesses of elastomer are obtained. Heat and pressure
are then applied to the assembly to cure and vuleanize the elastomer and metallic
laminae into an integral unit.

The bearing insulative boot is fabricated in a similar manner, the raw
material being laid up in a mold cavity, the die closed, and heat and pressure applied
to effect cure of the part. The die molded boot is then bonded to the end rings to
complete the flexible bearing assembly.  This is the same procedure developed and
proven in fabricating three 156-9 nozzle bearings, and also is used currently for
flexible bearing fabrication for the first and second stage nozzles in the Poseldon
production program. Following fabrication, the bearing assembly is thoroughly
tested to verify functional capability and etructural and sealing integrity.

Final assembly of the nozzle involves bonding of the various plastic componenta
into position, joining the fixed and movable structures to the flexible bearing assembly,
installing the cone retention pins, and overlaying and curing the glass cloth structure
at the exit cone joint.

To arrive at a credible nozzle design, preliminary layouts were prepared
and a sertes of analyses made to eatabliah the final configuration. The same but
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gomewhat more extensive series and sequence of analyses were performed for thix
design as for the bageline tixed nozzle, Although hoth nozzles are esnentially the
pame, meparate nnalyres were required since point loads from the actuation system
had to be considered in designing the strueture of the movable nozzle, and an
extension of the analyaes was necersary to cover the flexible hearing asnemhly.

In addition, past test data and experience has shown that movahle nozzles experienes
alightly greater erosion than fixed nozzles, and therefore It was noeessary Lo modify
some parameters In the ahiative analysis.

In all cascs, the appropriate safoty fuctors, as listed in Tahle 4-20, have
heen incorporated to insure design and performance integrity.,  Excessive mirging
of safety, however, have been avoided in order to minimize welght and cost,

Erosion and char profiles resulting from the analyses are shown lu Figuve
3-36. Mass properties of the design ure listed in Tahle 3-21, Analysis of the flexible
bearing produced the torque values given in Table 3-22.
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TABLE 3-22
FLEXIBLE BEARING NOZZLE ACTUATION

TORQUE, TU-742/03 MOTOR
(Million In.=1b)

Component

Internal Aerodynamic

Offset

Seal Spring (5 deg vector)

Seal Boot Spring (5 deg vector)

Gravity (considered only for horizontal static test)

Total

3-112

1,143
0.353
0. 904
0.045

2.988
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3.4.2.2,1.2 TVC Actuators

The reliability and redundancy requirements of the Space Shuttle system
necessitate the use of multiple, failure~correeting servonctiators for the SRM
thrust veetor control (TVC) system.  The TVC aetuation subsystem consists ol
two hydraulically operated, tandem sorvoactuators per motor. kel netuntor
consiste of servovalves which control the flow of hydraulie fluid, the miin viom
which provides power to position the SRM moviahle nozzle, and position trins-
ducers for feedback. Also ineluded in the servonctuator are the failwre detecetion
functions of the actuator subsystem. Since the prineipai relinhitity problem areq
is the servovalve, reliability is improved by the use of redundant chaonels, o
matic deteection of failures, and the bypass of a (ailed channel,

The selected TVC servoactuator is shown schematically in Figure 3-37.
The TVC actuation requirements are listed on Table 3-22A. This actuator is an
electrohydraulic two channel, tandem piston configuration. ‘This operate/fail/operate
actuator is an implementation of redundant hydraulic control, employing an intra-
system monitoring capability. The actuator consists of two independent, hydraulically
isolated, channels with each channel capable of controlling the tandem piston.  Only
one channel controls the actuator at any one time. With a malfunction in the control-
ling channel, an automatic switch is made to the standby channel; thus, there is
neither a loss in output force nor a performance degradation.

When hydraulic pressure is applied to the servoactuator, the solenoid
valves are pulsed to engage the system. Oncc pulsed, the solenvid valves are
held on the seat with hydraulic pressure. This in turn energizes the system engage
valve and activates channel No. 1. The active servovalve in channel No. 1 then
acquires control of the actuator.

An auxiliary flapper nozzle develops pressure proportional to the position
of the second stage servovalve spool. The auxiliary pressures from the active
and monitor servovalves are fed to opposite ends of the comparator spool. if no .
malfunction oceurs, the two monitor pressures will remain equal in magnitude and
the comparator spool will remain centered. If a malfunction occurs, the output
pressures of the active and monitor servovalves will differ. This will cause a b
pressure difference on the comparator spool creating motion of that spool. When b
the pressure difference exceeds a predetermined threshold, motion of the compara-
tor spool will dump the supply pressure, holding the engage valve in the engage
position. The engage valve of chunnel No. 1 will be forced by a spring into the
bypass position where it blocks the output of the active servovalve of channel No. 1.
The engage valve responds by moving one step, and channel No. 2 becomes the
active channel and operates in exactly the same manner as channel No, 1 had
acted previously.

Fallure threshold of the comparator can be easily varied by spring rate and
overlap of the comparator spool. Once the optimum threshold is determined, it
will remain fixed in the design.
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TABLE 3-22A

TVC ACTUATOR REQUIREMENTS

TVC angle (deg)

TVC slew eate (deg/see)
Load (Ib)

Area (8q in.)

Stroke (in.)

Supply pressure (psi)
Flow rate (gpm)

Max pump horsepower

Redundancy

3-114A

Y
N

41, 000

la.s

A6

1,000
18,5
60.5

Active/standby




A failure in channel No, 2 will eause the actuator to fail in o hypass mode
or nulled condition, Channel failure is monitored hy o pressure switch on the
comparator valve, and a signal is transmitted to the shuttle vehiele.

peid e SR

[ 3

A decreaso in hydraulic system pressure which execeds o predetermined
i threshold in a channel will eause the solenold valve to unseat, thus, switehing
to the unfailed ehannel.

After a malfunction, @ channel will not come hack on line until the solenoid
valve 18 again pulsed by the flight crew. If the malfunetion has been corveeted,
pressure will hold the solenoid valve on its seat.  lnput to the comparator spuol
from the active und monitor servovalves will be identical, the ongage vadve will
be pressurized, and the pressure switeh will eyele, thus returning the channel to
: , normal operation. If a malfunction is still present, the channel will immediately
- switch off line as before.

Attached to the actuator piston are four position feedback linear variable

~ 7 differential transformers (LVDT). One LVDT is utilized for cach of the four
: ‘ channels for servostabilization as shown in Figure 3-38. Since hydraulic monitor -
ing is utilized downstream of the servovalve, failures in the LVDT, servoamplifier ,

. servovalve, and guidance signals are detected and automatically corrected without
i appreciable actuator movement.

y The two basic types of actuator feedback eonsidercd were mechanical and
S electrical. Mechanical feedback actuators are currantly being utilized for engine
positioning on several space boosters, including the Saturn launch vehicle. The
reason for this selection is the contribution of the mechanical feedback system to
the TVC system reliability. The basic contribution to reliahility is achieved
through elimination of the LVDT position transducers together with their associ-
| ated cabling and power supply. Even more significant is the reduction of hard-
‘ over failures. The mechanical feedback actuator ''fails neutral” with a loss of
electrical control., In the nonredundant electrical feedback actuator, if the
! feedback transducer opens, an actuator cable is severed, or the servoamplifier
malfunctions, a hardover actuator results.

The major disadvantages associated with mechanical feedback actuators
occur during the development phase. However, extensive use of analog computers
\ for initial sizing of the actuator feedback parameters greatly reduces the trial
and error selection of loop gains, pressure feedback sensitivity, and other
characteristics which are mechanically rather than electrically actuated. Once
the feedback actuator has been built, it is necessary to disassemble and rebuild
it if a loop gain change is required. The servovalve is not easily removed or
replaced and is usually attempted only at the manufacturer's facility.

L PN
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Table 3-28 summarizes the key actuptor feedback considerations. Mechani -
cal facdback actuntors improve the system relinbility by eliminating the cleetrical
feadback transducer, eableg, and power supply.  Also provided are inherent "iail
noutral" tendencies, This reliahility improvement is achieved it the expense of
gome loss in statie positioning nceuracy and some inconvenience in the ahility 1o
change servoloop parameters, ilowever, the Spaee shuttle redundaney reguire-
ments necessitate the use of redundant TVC netuntors. Redundaney wis achicved
in the manrated Saturn Lneh vehicle through the use of four engines ench gimhiled
with 2 mechanieal feedhack actuntor in ench axis. Loss of one of the four TVC
systoms would not result in a mission failure. However, in the solid propellan
Space Shuttle booster, the number of nozzles availuble for TVC confrol ©exelodimg
the shuttle) is reduced to two. Tt becomes apparent thit redundant actuators aro
required, since loss of one TVC system would jeopardize the mission suceess.

Techniques have been demonstrated to develop redundant actuators utilizing
clectrical feedback. These actuators are capable of sensing and climinating single
actuation and guidance system failures. There are no known actuators in use or in
development utilizing redundant mechanical fecdback. Typically, redundancy with
mechanical feedback actuators is achieved through multiple actuators. Based on
this fact and coupled with the costly development required for mechanical fecdback
actuators, the selected TVC actuator feedback concept is one of cleetrical utilization
of automatic failure detection and correcting teclhniques.

There are two basic types of redundant control systems, monitorless and
monitor. A monitoriess redundant control system minimizes the effect of any one
component failure by the use of multiple operational units. The operational units
are connected so that failures tend to be canceled out by the remaining "nonfailed"
components or channels.

A monitor redundant control system is based on the principle of continuous
performance comparison of multiple operational channels and the removal of the
eftects of the fail channel by switching techniques.

For the purpose of this study, only active/standby system monitoring is
considered. For this monitoring technique, the control channels can be selectively
coupled to the aciuator. Only one control channel is coupled at any one time to the
actuator. No performance degradation occurs as in force sharing monitoring since
each control channel is made similar to the others.

The basic requirement of the TVC actuator is that it must withstand any first
internal failure or external input or power supply failure with no performance
degradation. While performance degradation may be acceptable, it certainly is not
an advantage. The second requirement is that upon any second failure, transfer
of the actuator to a bypass condition must occur. A hardover conditiun as a
result of a second failure is unacceptable. The monitoring technique assumes that
independent electrical and hydraulic power supplies are available to achieve control
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TABLE 3-21

TVC SERVOACTUATOR FEFEDBACK CONSIDERATIONS

Item

Initial engineering
development costs

Development floxi-
bility

Troubleshooting

Replacement of
servovalve

Accuracy

Servoamplifier
requirements

Torque motor
availability

Typical failure mode

Overall reliability

Eleetrical Feedback

Nominal

Easily modified
gains and compensation

Many components to check;
ic, amplifier servovalve,
fecdback

Easy

Dependent on feedback
linearity and servoloup
gain

High gain operational
amplifier for signal
summing and compensation

Muny sizes available

Hardover

Nominal

3-118

Mcechanicea] Feedhaek

Much higher due to specinl
nature of the design

Require disasscmbly of
actuator for gain change,
ete. Computers are used
to minimize changes

Simple replacement of
actuator

Only at manufacturer's
facility, usually replace
total actuator

Dependent on stability of
current driving amplifier

Low gain, high stability,
low drift

Various sizes not readily
available. Development
of torque motor required

Fail-safe - typically the
actuator goes to neutral -
large reduction in hard-
over failure modes

Improved

Bt i
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channel isolation, Four TVC actuator concepts are evaluated on the hasis ol weight,
relinhility, ease of development, ease of manufueture, simplicity, ense of mainten
anca and cost.

Syatem No. 1--Active/Btandby - Extornal Monitoring

Syatom No, 1 {8 shown in Figure #-39. The netuntor consists of o tindem
power ram and incorporatos two servochinnels.  ‘Two independent hydeanlic supplics
provide completely redundant channels, ‘The normal operation of the aetwmor is
such that the engage valve allows operation of the power nefuitor hy servovidve
No. 1 while channel No. 2 18 in a standby made.  Normal operation ocenrs undil an
external signal from cither the Might erew or the guidinee systom aetivates the
engage valve, thus hypassing channel No. 1 and aetivating channe) No. 2. A second
failure to the actuation system, as sensed by the guidonee system, places the
actuator in a neutral condition bypassing both channels. Reliability of the aetuidion
system is improved due to the redundancy of the clectrical und cleetrohydranlic
components. A disadvantage of this system stems from the external nature of
the channel switching command. Since monitoring of actuator failures is down-
stream of the power ram, large actuator transients may oceur since external
effects such as attitude rate are monitored to detect TVC failures.

System No. 2--Triple Channel - Majority Voting

System No. 2 shown in Figure 3-40 is an active standby configuration ol
redundancy. This system is designed so that the operational characteristics of
the standby channel are similar to the active chunnel. Both channels are fed
through a three position engage valve. Upon commands from the internal hydraulic
monitoring and logic section, the engage valve transfers the system through its
redundancy operating modes.

Monitoring is carried out at spools of the servovalves, using a hydraulic
position transducer. A third servovalve is used as a referencc monitor channel.
For any first failure, the system either transfers to the standby chennel, or in
the situation where the first failure is the standby channel, activates itself so that
the standby channel cannot be engaged upon occurrence of a second failure. Since
monitoring is carried out at the servovalve spool prior to the actuator ram, hard-
over failures of the servovalve, command input, servoamplifier, and position trans-
ducer are detected without requiring a deviation of the actuator from the commanded
position. Additional advantages of this redundant concept aLe:

1. The actuator transfer time is easily made very
short since solenoid vulves are not utilized.

2. Single component failures causing total control
system f{ailures are limited to components histori-
cally having an extremely low failure rate.
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Figure 3-39. System 1, Active/Standby, External Switching Actuator
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3. Monitoring and logie kept in the hydrimlic encrgy
media ig relatively ingensgitive to environmentnl
conditions,

4,  The monitoring systom is ingensitive 1o Joad
variationa in the output ram,

System No, 2 has the following general unfovorable eharacteristies
1. A third servovalve ix requived as o monitor,

2.  Throo hydeaulie comparators and shutofl villves
are roquired,

3. A third independent hydraulie power supply is
required.,

4. A third position transducer and servoamplificr
are required,

System No, 3--Active/Standby - Dual Channel - Internal Switching

System No. 3 shown in Figure 3=41 consists of two independent systems
with complete hydraulic isolation controlling a tandem actuator. Only one system
controls the actuator at a time. With a malfunction in the controlling system, an
automatic internal switch to a fully operational standby system is made, thus
eliminating any loss in output force or performance degradation. System No. 3
has the gencral favorable characteristics of System No. 2 while requiring only
two independent hydraulic systems, System No. 3 has the following general
unfavorable characteristies.

1. A fourth sexrvovalve 18 required.
2. 'Two comparators and two shutoff valves are required.

3. A fourth position transducer and servoamplifier are
required.

System No. 4-~Active/Standby = Triple Channel ~ Internal Switching

System No. 4 shown in Figure 3-42 consists of three independent systems
with complete hydraulic isolation controlling a triple tandem actuator. Only one
channel controls the actuator at a time. With a malfunction in the controlling sys-
tem, an automatic internal switch is made to the fully operational standby system.
The obvious advantage of System No, 4 over System No. 3 is that the actuator can
withstand three failures before the nctuator is rendered useleass.
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System No, 4 has the foliowing goneral vnfavorable characteristies:
1, 8ix servovalves are required,
2,  Six feedbacks are required,
. Six servoamplifiers are required,
4. An additionnl comparator and shutaft valve are requirved,

In the following discussion, cach of the four reduadant syatems are evalue-
ated on the basis of weight, reliability, ease of development, case of manufacturing,
simplicity, casc of maintenance, and costy I'he effeets of actuator rodundancy
requirements upon additional HPU requirements aze also discussod,

Weight

As shown in Table 3-24, the TVC actuator weight for the four redundunt
systems is relatively constant due w the large weight of the power ram, However,
there ‘s a significant weight penalty when considering Systems 2 and 4, since these
systems require a third HPU based on the actuator redundancy mechanization. For
System No. 2, the additional HPU could be a low power unit since its only function
is to provide hydraulic power to the monitoring system.

Reliability

A reliability summury is presented in Table 3-25. With the minimum
reliability requirement given as 0. 9999, all four systems exceed the minimum
reliability requirements. The mean time between failures (M'1'BF) for all re-
dundant systems exceeds 5, 000 hr.

Ease of Development

All of the actuators considered in this tradeoff study have been fabricated
and tested. There appears to be no hidden development risks. Only a modest
scale-up due to hydraulic flow rate is required. The systems with their corres-
ponding backgrounds are as follows:

1. Active/Standby - External Switching (developed by LTV
Electro System for the X20 Dynmu-Soar Space Glider),

2, Triple Channel - Majority Voting (developed by Hydraulic
Research and proposed for C6A and SST).

3. Active/Standby - Dual Channel - Internal Switching
(actuator developed by Hydraulic Research).
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TABLE g-27

TVC SYSTEM R ELIABILIPY SUMMARY +

Mean Time Relinbility = Mo Time
Relinbility - Lo Wirst Second Betweon Rolative
System First Faflure Failure (hr) r___.l-_‘:vjlui';_'_“ Failure (h) ’l'{nli:lbj!_i"ll

0 0. 9986449 HE R 1] 313 t, 06

! 0, 998638 340 0, 9999 1) Oy 68N !

2 0. 996589 116 0. 9999975 200, 000 3h

J 0. 998206 587 0. 9999960 125, 000 22

4 0. 998206 587 0. 9999980 250,000 44

*Reliability analysis basoed on 80 min operation,
System "O'" jg honredumndiant cleetrieal feedback.
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4. Active/Standhy - Triple Channel - Internal Switching
(actuator developed by Hydraulie Research and Evalu-
ated hy NASA for the Spicee shuttle),

Fase of Manufacture

All of the systems considered are complex dovices requiring many manu-
facturing steps,  The total number or major components and assemblies provide
the basie for this cvaluation. An inercase in redundancy requirements reduces the
case of manufacture.

Simplicity

As the degrece of redundancy increascs, the relative simplicity deercases
due to the increased number of components. There is a significant simplicity
penalty when considering Systems No. 2 and 4 due to the requirement of a third
HPU to provide the required actuator redundancy .

Eage of Maintenance

The maintenance evaluation assumes that the primary activities will involve
system checkout of control functions. All actuators are considered line replaceable
items. Due to the increased redundancy requirements, System No. 1 has the highest
rating.

Cost

The redundancy requirements increase the cost of the TVC actuator. The L
basic assumptions are that the servovalve production cost is $1, 200 and the HPU
production cost is $50, 000, Again, there is a significant cost pcnalty for Systems
No. 2 and 4 due to the requirement of a third HPU to provide the required actuator
redundancy.

Table 3-24 summarizes the ratings previously discussed and applies the
weighting factors to establish total weighted ratings for each system. Following
is a listing of the relative standings of the various systems, together with the total
weighted rating, Ratings are based on a maximum possible total score of 100.
Negative numbers reflect penalties due to the requirement of having a third HPU
to provide the required actuator redundancy.

Erwa——

System No. 1 Active/Standby - External

3
Switching 88.40 _
System No. 3 Active/Standby - Dual Channel - ﬁ]
Internal Switching 82, 86 ,.J
3-128 a |
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System No, 2 Triple Channel - Majority
Voting - 2,462, 06

System No, 4 Active/Standhy - Triple
Channel - Internal Switching ~9,H24, B8

Based on the foregoing evaluation, both System No. 1 or System No, 3 are
suitable for the Space Shuttle booster TVC system. However, System No, 3 s
recommended because of its internal failure detection and correction techniques.
This internal detection and correcction technique reduces large vehicle transients
that would be caused by external sensing of attitude rate. Error detection for
System No. 3 is ahcad of the power ram rather than wholly within the vehicle
guidance system or flight crew systems.
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3.4,2.2,1.3 Hydraulic Power Unit

The seloetion of a flextble hearing necessitates the requirements for a
suitable actuation and control seheme. Preliminary design atudies and applieable
tradeoffs by the acrospace induatry indicate that soveral attractive methods cnn
aatisfy the 166 in. Space Shuttle booater performance requirements, kKvaluation
of these studies for tho baseline hydraulie power supply reveals that redundant
monofucl powered turbine driven hydraulie systems hest satisfy the manrated
Space Shuttle boosters needs, The rationale and eredibility erlteria nre sum-
marized in Table 3-26, Schematic representation of the entire hasaline nozzle
actuation and control system is shown in Figurce 3-43, A general arrangement
layout of the major cquipment locations is shown in Mgurce 3-44.

Scveral types of hydraulic power units (HPY) were considered which could
be used to drive the hydraulic servoactuntors on movuble nozzie systems. ‘The
primary candidates are:

1. Solid propellant warm gas generator-turbine~pump.
2, Solid propellant warm gas generator blowdown.

3., Cold gas passive blowdown,

4. Monopropellant warm gas generator-turbine-pump.
5, Warm gas motor pump.

In addition to these systems, several other HPU types were investigated
but were not selected as primary candidates. Included in this category are the
free piston pump, pneumatic (warm gas) actuators, and the turboactuator.

The free piston pump is essentially a hydraulic pump consisting of a single
piston driven by pneumatic pressure (a warm gas generator in this case). The
piston is made to oscillate by alternately pressurizing each end of the piston rod.

The resulting hydraulic flow is a function of the cyclic rate and the piston area.
This system is especially attractive from a weight and simplicity standpoint up to

about 40 horsepower. * - From the referenced study, the weight of a free piston pump
system would be approximately 226 1b for the program under consideration; however,

lack of development and consequent confidence was the primary reason for discon-
tinuing study of this type of HPU.

*P. H. Stahlhuth, "Study Determines Uses of Free Piston Pump." Hydraulics
and Pneumatics (May 1971), pp 93-86.
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The turbo~ and pneumatic actuators were exehded primarily for the same
reason, Although there is little doubt that such systems could he developed, it is
folt that the development time and clgk are not compatible with program requiremoents,
The turbonetuator suffers another doefletency 1o that it is more difieult to obiain
, redundancy than with other systemas,

ez —

solld Propellant Warm Gas Gonerator ~ 'furbine - Pumy

The design and operation of the solid propellant warm gas turhine pump
system (WGTP) is similar to that of the seleeted hydrazine fucled system exeept
thnt n solid propellant 18 used as the menns of supplying warm gas,

Two variations of the WGTP system were studieod,  One method used o
variable displacement pump (VOP) while the second used a fixed displacemoent punp
(FDP), The VDP has a definite weight advantage over the 1D however, it is mor.
complex. The VDP discharges hydraulic fluid on demand; consequently during
b periods of no demand (or very low demand), the pump requires little input power.
The turbine, sized to run at maximum load, will tend to overspeed during these low
demand periods unless a turbine speed control is incorporated in the design,  This
speed control, not required with a fixed displacement pump, resulis inincrcaswd
complexity.

s v

T

The fixed displacement pump produces flow at a constant rate throughout its
operational period. If therc is no demand for flow by the actuators, then the flow
is bypassed to the reservoir. The hydraulic powcer procuced by the pump is con-
verted into heat and consequently the oil will increase in temperature throughout
the operational time of the pump. For this rcason, a large reservoir must be pro-
vided so that the oil can absorb the heat produced. Although the VDP and FDP
’ weights are similar, the addition of the large reservoir and hydraulic oil to the
§ FDP system results in a significantly heavier system.

it L

Simplified schematics of the VDP and the FDP system are shown in
Figures 3-45 and 3-46, respectively.

Table 3-27 gives a weight comparison of the systems studiec. Note that
the weights of the actuators, controls, tubing, etc, are not included since it is
assumed these components will be common to both systems and have the same
weight as long as system pressure remains at 4, 000 psi.

The design parameters used to evaluzte systems are shown in Table 3-28,

Turbine shaft horsepower is computed by:

SHP = ==
Ey
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TABLE 3-28

DESIGN PARAMETERS

Parameter
Torque (in, -1b)
Hydraulic horsepower
Actuator area (sq in.)
Actuator flow (gpm)
Stroke (in.)

Action time (sec)

Max vector angle (deg)
Max slew rate (deg/sec)
Design horsepower

"G loading

Parallel
2,45 x 108
60.5
13,3

18,5

3-138

Series
3.08 x 108
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Where - HP is the hydraulic horsepower and Eq is the pump and
gearbox efficiency.

Gas horsepower (GHP) is in turn obtained by dividing SHP by the efficiency
of the turbine, Warm gas flow rate (W) waa computed from the equation:

W = GHP (660)
Hay

Where - Hay is the adiabatic head in feet.

The grain weight is then:

Wg = W (ta + 10)
Where - tg is the action time.

It was assumed that the system would be started approximately 10 sec before
launch in order for the system to be up to pressure at the initiation of motor uperation.
A mnass fraction (0) of 0,75 was used to compuie the total weoight of the gas generator.,
This value was used for all cases where the gas pressure was 1,000 psi,

The weight of remaining components ‘vas taken from curves used in the
Thiokol TVC computer program. This program, "Advanced Thrust Vector Control
Preliminary Design Computer Program, " produced in 1968 under Contract AF 04(611)-
11647, computes the weight of the TVC systeme as part of the preliminary design.
From Table 3-*7 it may be noted that the FDP system is approximately 62 1b heavier
thau the corres .onding VDP system.

Solid Propellant Warm Gas Generator Blowdown

The warm gas blowdown (WGB) system is shown in & simplified schematic
on Figure 3-47 The primary comporents are a sclid propellunt warm gas gener-
ator, relief valve, and a blowdown reservoir,

Knowing the maximum hydraulic flow rate required (Q) from the system,
thy gas flow from the gus generator is computed from:

W= pQ
Where p 1s the density ot the gas.

The weight of the gas generator is computed by the same method as for the turbine
systems,
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The gas generator preasure was assumed to he 3, 000 psi and consequently
the hydraulic supply pressurc would have the same value, This would require
slightly larger servosctuators. Although not expected to be great, this factor must
he included in the complete tradeoff.

In sizing any blowdown system, a thorough knowledge of the duty cycle must
be available, For this study, use was made of the duty cycle used in the design of
a TVC system for a 260 in. solid propellant motor under NASA Contract NAS3-12040
in 1969, The duty cycle prosented by NASA-Lewis included a 0. 2 cps imit cyclo
oscillation with an amplitude of 0. 1 deg,.

The volume of fluid displaced i8 computed by the equation:

t=+140
\’ f*’—lf (8y|+|Sp|) at + Qpt
t= -10

" 67.8 .
Where:
Ap = actuator piston area, sqin.
1 = lever arm, in,
Sp,y = pitch and yaw rate, deg/sec
Qp, = servovalve leakage flow, cu in, /sec

t = time, sec

The integral in the above equation was multiplied by a factor of two to
account for the larger vector angle requirement in the present program. It was
assumed that servovalve leakage flow is 1 gpm per valve. The total volume of
hydraulic ofl used is 2,396 cu in. An expulsion efficiency of 95 percent was used
to bring the total volume of oil to 2,520 cu in.

The total weight of the WGB system as noted on Table 3-27 is 287 Ib. To
this must be added a emall amount to differentiate between the weight of the actu-
ation for a 4,000 psi system versus a 3,000 psi system. It should also be remem-
bered that any change in duty cycle requirements may considerably change the
size and weight of the system. It is relatively simple in that it has few components
and moving parts. It has the disadvantage of not being readily adapted to prelaunch
checkout; however, provisions can be made for checkout at the additional cost of
welght and complexity.
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Cold Gas Passive Blowdown

A simplified schematic of the cold gas passive blowdown aystem (CGB) is
shown in Figure 3-4% Pressurized gaseous nitrogen is used as a power source to
provide hydraulic flow to the servoactuators, The pressurized gas is stored in the
game container as the hydraulic fluid. A hydraulic pressure regulator is located at
the outlet of the tank to maintain a constant 3, 000 psi pressure to the servosystem,
Initial tank pressure is 5,000 psi. During operation the gas expands as fluid is dis-
charged, and at the end of firing the final gas pressure is 3,200 psi. The amount
of oil expelled is 2,395 cu in. as was used for the warm gas blowdown system. The
total tank volume required is 8, 870 cu in.

The weight of the cold gas system is shown on Table 8-27 as 473 b, This
is considerably more than the other systems; however, it has a great advantage
because of the simplicity and low cost. It was because of this simplicity and re-
sulting relisbility that NASA-Lewis chose a passive CGB system over a turbine
system in the study referred to previously.

As with the warm gas blowdown system, the disadvantages are the checkout
procedurc and the duty cycle limitations. A checkout technique can be designed
into the system using a quick disconnect as shown on the schematic. Ground
hydraulic power can be attached at that point and used to position the movable nozzle.
The duty cycle must be defined with sufficient safety factor to insure an adequate
supply of hydraulic fluid.

Liquid Fuel Turbine Pump

This system uses the same components as previous designs except for the
gas generator and accessories necessary for the liquid propellant (monofuel) gas
generator, For the warm gas liquid fueled generator scheme, hydrazine is used
as a fuel and pumped to a catalyst bed by a centrifugal fuel pump. A simplified
schematic of the liquid fueled system 18 shown in Figure 3-49, Fluid is pumped
through a fuel valve which controls flow to the catalyst bed and hence to the turbine,
The fuel pump can be mounted on a common shaft with the turbine so that it will
always turn at turbine speed. The output pressure of the fuel pump is essentially
independent of flow but a direct function of pump speed and consequently turbine
speed, The fuel valve senses pump output pressure and varies flow to the turbine
as a function of this pressure. Thus, turbine speed is controlled and can be main-
tained at almost constant speed over the entire hydraulic flow range. Low pressure
warm gas is bled off at the turbine and fed back to the fuel tank to create a slight
backpressure on the fluld, The system is started by firing & cartridge propellant
which drives the turbine to its operating speed, This cartridge also raises the
temperature of the catalyst bed to assist decomposition of the fuel during startup.
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The ayatem was sized using hoth a variahle displacement and a fixed dis-
placement pump, Weights are given in Table 3-27, A more detailed demoription
of this aystem is presented later, System weights were ohtained by soaling down
the present Concorde system which has a 480 sec aperating time to a 150 sec time,
The fixed displacement pump version is essontially the same except a larger
reservolr is used to absorb the hoat generated by the fixed displacement, constant
flow hydraulic pump.

Warm Gas Motor Pump System

The warm gas motor pump gystem consists of an integrated warm gas motor-
hydraulic pump. The warm gas motor is powered by & solid propellant warm gas
generator. A simplified schematic of the system is shown in Figure 8-60, The
{ntegrated system concept lends itself to a favorable packaging arrangement,

A 100 hp unit has been developed by Vickers for application with a Gatling
gun drive. The unit has been produced and undergone considerable testing. Warm
gas motors, as such, have been designed and tested since 1958 with many improve-
ments since that date. High reliability is obtained since the design is simple and
the rotating components operate at relatively low speed.

The weight of the warm gas motor pump system is noted on Table 3-27,
The weight of the motor pump includes the warm gas motor, pump, hydraulic
reservoir, fluid, valves, etc, as an integrated package, The system was sized
using 87 hp and 150 sec durztion as with the other HPU's.

Hydraulic Power Unit

The baseline hydraulic power unit (HPU) is composed of four hasic modules:
the gas turbine module, the gearbox, the turbine controller, hydraziue monofuel
tank and supporting hydraulic components (see Fgure 3-43). The entire unitis
located in the 156 in, solid rocket motor stub sidrt, allowing ready accessibility
to all components from the aft end of the vehicle. Access doors may be required
in the stub skirt for either maintenance or ground checkout of the HPU., The
total baseline system weight breakdown for the entire actuation system is shown
on Table 3-29.

In reviewing major sources for HPU's appliceble to the SRM system needs,
it was found that several are available, The first, shown in Figure 3-51, was
developed by Sundstrand Aviation for the Concorde SST Aircraft as an emergency
hydraulic power unit and has a shaft horsepower rating of 95 hp. The other source
is the system that AifResearch Manufacturing Company developed for the Spartan
missile application as shown in Figure 3-62. It has a rating of 90 hydraulic hp.
Either of these units could be easily adapted to the 166 in. Space Shuttle needs.
Thiokol has selected the Sundstrand (monofuel) unit over the AiResearch (solid gas
generator) unit because of its current production status, qualification status and
its reuse and restart capabilities.
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TABLE 3-29

TVC ACTUATION BYSTEM WEIGHT FSTIMATE

System 1 Syatem 2

HPU (Concorde unit) 72 1b 72 1b
Tank (wet) = monofucl 8 min 126 126
HPU controller b b
HPU hattery ] 6
Hydraulic reservolr (400 cu in,) 156 15
Hydraulic accumulator (200 cu in,) 18 18
High pressure [ilter (40 gpm) ] 6
Low pressure filter (40 gpm) 6 6
High pressure, quick disconnect (1 in.) 2 2
Low pressure, quick disconnect (1-1/4 in.,) 2 2
TVC controller . 20 20
TVC battery 6 ]
Arm/disarm (2) 4 4
Tandem actuators (2) 312 *
Support for HPU (1 set) 26 25
Support for reservoir (1 set) 8 8
Support for accumulator (1 set) 6 )
Hydraulic tubing (w/fluid) 137 *
Hydraulic fluid 20 *
Miscellaneous supports 150 *
Electrical cabling (1 set) 660 *
Hydraulic pump (2) 30 80

Total 1,634 1b 356 1b

Total Weight 1,989 b

*Common to both systems,
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Figure 3-51. Concorde Monofuel Powered HPU
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Figure 3-62. Spartan Solld Propellant Powered HPU
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Sizing of the prime mover during system design showed that a minimum
hydraulic power output capability of 80. 6 hp was required, The 95 shaft hp
Sundstrand unit selected for this sys’ >m, when converted through known efficiency
factors for hydraulic systems, gives & hydraulic power output of 87 hp, thus pvo-
viding & comfortable margin over system requirements. This also allows for
system versatility and potential growth if needed.

Two alternate HPU systems which offer simplicity over the baseline HPU
at the expense of development, cost, and weight have been investigated and are
briefly presented here for consideration.

Alternate 1 is a modification of the monofuel (Concorde) HPU. By removing
most of the turbine speed control equipment and by operating the turbine against a
constant load (fixed displacement pump), major complexity can be elimimted.
However, the HPU will become heavier and be limited in operational duration. This
approach will require additional hydraulic oil volume in the system to absorb the
heat generated during the low vectoring periods. The initial sizing for the differential
weight indicated that it will increase by 80 1b per HPU. Figure 3-53 reflects this
general configuration.

The major disadvantages to this approach are additional weight, HPU
temperature limitation, shorter checkout duration, larger fluid components, and
a2 modest development requirement, The significant advantages are lower com-

plexity and reduced costs.

Alternate 2 consists of identical equipment as Alternate 1 except the prime
mover fuel is a solid propellant. Being a constant load turbine driven system the
weight will increase by 80 Ib for the necessary heat absorption during low vectoring
periods.

This approach is the simplest turbine driven HPU available. Currently,
the Nike-Zeus, Poscidon, and Spartan missiles use this type of prime mover. The
major disadvantages are additional weight, single start capability, limited checkout,
larger fluid components and a modest development effort. The significant advantages
are maximum simplicity, lower costs and good historical data. This system is shown

in Figure 3-54.

The baseline HPU serves as the source of hydraulic power for operation of
the 156 in. solid rocket motor thrust vector control nozzle. The power derived
from hot gas driving a turbine wheel is transmitted through an integral gearbox to
the hydraulic pump. Actuation of the gas turbine motor may be automatically in-
duced by launch control sequence circuitry or it may be actuated by & manual signal
from the launch console. The present unit will provide 8 minutes of full powcer
output. The dual squib arrangement provides a second start capubility. To pre-
vent firing of the gas turbine motor while the vehicle is still on the launch pad, an
arm/disarm switch has becn provided for arming the system from the launch control
sequence.
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The vehicle attitude control systems operation 18 initiated by closing the
circuits to the arm/disarm switches, thus 1solating the eight squibs in each system.,
After the switches are in the arm mode and the short removed from all squib leads,
the aystom can operate. This is accomplished by an electrical signul that opons
the solenoid valve (hydrazine) and ignitcs onc of the solid propellant start initiator
grains, At the samo time the start initiator grain is ignited, the controller also
offocts the release of gas from the nitrogen cylinder by a squib valve. Action of
the squib valve bursts the disc on the pressurant inlet port, initiating fuel expulsion
to the fuel pump. Gas from the solid propellant starter grain passes through the
turbine nozzle and ceuscs rotation of the turbine and its gear train, The fuel pump,
driven by the turbine shaft, develops fuel pressure and fuel begins flowing to the
decomposition chamber as start grain pressure decays.

Stmultaneously, solid propellant gas pressurizes and transfers heat to the
decomposition chamber. As the grain approaches burn completion, the pressure
in the decomposition chamber begins to drop. When the chamber pressure drops
and turbine speed thereby decays, fuel is sprayed into the preheated chamber.
Fuel decomposition begins when heat ahsorbed by the chamber i8 transferred to
the atomized fuel.

Predetermined cartridge energy and burn rate enables the fuel pump to
prime the fuel system and generate a pressure head sufficient to initiate fuel flow
into the decomposition chamber. As the fuel reaches the decomposition chamber,
the hot decomposition gas is directed through converging-diverging supersonic
nozzles to the turbine blades. Turbine acceleration brings the unit to full speed
within 1.0 sec from the receipt of the start command.

The electronic controller, operating in conjunction with the speed sensing
magnetic pickup and fuel solenoid valves, provides overspeed control for the unit.

Fuel decomposition by the heat transfer characteristics of the multipath
thermal regenerative bed sustains HPU operation. Gas generation will continue
until terminated by closure of the solenoid operated fuel valve or by fuel exhaustion.

Shutdown can be accomplished at any time by closure of the fuel solenoid
valve, Upon shutdown of the HPU, the residual hydrazine fuel in the filter, diverter
valve, and associated lines is automatically purged through the decomposition
chamber. The hot decomposition chamber decomposes the low pressure fuel into
gas which exits through the exhaust duct.

Units that are considered "line replaceable' are the gas turbine module,
controller, hydrazine fuel tank and start initiators.
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3.4.2.2.1.4 Electronica

To support the redundant TVC actuator concept, redundant control elec~
tronics, hydraulic power ard electrical power are required. Four identical TVC
electronic control boxes are provided (two per solid rocket motor), each housing
four servoamplifier channcls, The pitch-yaw No, 1 channels are located in con~
trol unit 1 while the pitch-yaw No. 2 channels are located in control unit 2.
Figure 8-65 shows a block diagram of control unit 1.

Four identical silver cadmium batteries (two por solid rocket motor) pro-
vide the necessury vlectricul power required by the HPU and TVC control units.
Silver cadmium batteries were selected due to their ability to provide many re-
charge cycles and their relative high specific encrgy of 36 watt hours per pound.
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3,4.2.2,2 Abort Syatem

Throughout the entire design and manufacture of the complete shuttle vehicle,
large amounts of time and effort will be spent in design, manufacturing process con-
trol, inspection, and nondestructive testing to assure that a mission abort will not
ocour. However, the contingency exists and must be planned for. During the boost
phase operation, malfunctions requiring mission abort could occur in either the orbit-
er avionics, the orbiter propulsion or in the SRM stage. Thiokol has made no attempt
to define the possiblc malfunction modes in the orbiter., A detailed study of the SRM

i

i stage reliability and possible failure modes was conducted and the results are contained

{ in Section 7.0 of this report. The study shows that the SRM stage is extremely relia-

t ble und that Lhe probability of oconrrenae for fajlure modes which do exist can be sig-
(,J nificantly reduced by identifying the failure mode and proper design.

A plan which provides an abort sequence from time zero to SRM staging is
S shown on Table 2-2 . The abort plan requires only two special capabilities on the
1 SRM stage:

1. The ability to hold down on pad for full SRM burntime
without thrust termination (TT) of SRM should mal-
function oceur prior to liftoff.

e

u i
g
¥ :g"; s
iin

3‘ 2, The ability to thrust terminate the SRM at any time

Mﬂ% - during flight.

=:'{' A malfunction detection system (MDS) to provide data on abnormalties in SRM opera-
A 4ion 18 included in the stage avionics.

:; The stage aft structure is designed to withstand full SRM and orbiter thrust

as discussed in 3.4.2.3. This provides a preliftoff checkout capability and allows
abort capability in the unlikely event that an SRM should not ignite, if a TVC system
does not operate, if an orbiter problem occurs prior to liftoff.

5

sl WL

The MDt and TT systems are discussed below.
3.4.2.2.2.1 SRM Malfunction Detection System
The MDS system on the SRM stage will have two capabilities, the ability to

monitor and compare chamber pressure between the two motors on the stage and the
ability to monitor the hydraulic pressure and position at the nozzle actuators.

The detection and display of differences in chamber pressure between the two
SRM's will be accemplisheii by solid state electronic circuits. The pressure dif-
ference between the chambers of the two SRM's ‘#ill be continuously displaced in the
orbiter, If the difference becomes excessive, an indicator will identify the SRM at
fault,

]
e

3-166

- - e

T Tw T - T mrmrme T = - = s "

<

3
¢
i

e e rar i

e

-qﬁ---_-----



R 2is 0 prar

The design to aceomplish this will use redundant pressure measurements from
each SRM, Three pressure tranrducers on the headend of each SRM will measure
the chamber pressurc., Signals from these tranadveers are fed to a solid state elec~
troniccomparator eircuit, where the signals from e two trangducers on each SRM
that are nearest the same level are seleoted to provide a chamber pressure signal
to the orbiter. The chamber pressure gignals irom the two SRM's are fed to a dif=
ferential comparator circuit, which will detect and indicate to the pilot the deviation
of chamber pressures between SRM's.

'fe response time of the MDS will be limited by the frequency response of the
indicator. The order of magnitude willbe in the millisecond range response time. The
MDS will also monitor and display the hydraulic pressure at the nozzle actuators and
indicate the nozzle position,

The MDS system is an advisory system only. It will not initiate abort proced-
ures, only indicate SRM status. This approach is taken because of the good possibility
of continuing a mission with an abnormal motor pressure differential or even with a
TVC failure on one motor. Also, with this approach, a failure in the MDS system
coulrl not create a false abort.

Design and qualification specifications will require the MDS to perform its
normal function after being subjected to transportation and handling, vibration, shock,
and temperature environments. Also the MDS must operate within the specified accur-
acy during the flight environment, acceleration, vibration, and temperature altitude.

The ordnance distribution box will contain provisions to elecrically "enable"
or "disable" the MDS circuitry by command signal received from the orbiter.

3.4.2.2.2.2 Thrust Termination System

Thrust termination on the SRM stages can be accomplished at any time during
motor burn by opening two ports in the headend of the motor. Opening the headend
ports accomplishes two purposes: (1) it reducesthe motor chamber pressure to a
low level, thus reducing the thrust from the nozzlo and (2) it provides "'nozzles' on
the headend with a reverse thrust.

The TT port design selected for use in the 156 in. SRM Space Shuttle booster
is the ductile bubble design. This is shown in Figures 3-56 and 3-57. The design
incorporates a secondary, low radius of curvature dome which is bolted to the rein-
forcement ring of the port hole in the primary motor dome. The thickness of the
secondary dome will be approximately 0. 10 in. and it will be fabricated from a ma-
terial which is capable of large plastic strains without frangible failure. This will
allow the dome to open in & ductile manner when a cross pattern is cut by a shaped
charge. The baseline pattern for the charge is a cross which will divide the dome
into four equal sections but it would be a simple matter to redesign for a more dense
cutting pattern should requirements dictate a need.
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Figure 8-86. Ductile Bubble Concept
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In the approach shown, a pressure seal will he accomplished hy a standard
O-ring assembly with the groove out into the flange of the port aover.

An erosive~reaistant insulation collar will be placed in the orifice of the port
to protect the reinforcement flange from the gas flow during TT port operation, Thia
will accomplish several desirable objectives, The forward segment of the motor can
probably be reused even after & ported firing, the reliability of the port operation

over relatively long firing is increased and the insulation collar provides a more effic-
{ient flow orifice.

AnS& A device will be provided. This device will be armed before launch and
will be ready to fire when required,

The TT ports are opened by shaped charges (Figure 3.58). The TT system
ordnance function time from the receiving of the electrical initiating pulse at the
S & A device until the shaped charge cuts the ports will be from 0.30 to 1,0 ms, .

Negation of the rocket motor thrust takes place as soon as the ports are cut.
The time requirement at the most severe condition will be 0.5 sec.

Thrust termination functioning time specification for the Stage oI Minuteman
motor is from 0,218 to 0, 705 ms. The Stage III Minuteman has six ports cut within
this time, verifying that the 0,30 to 1.0 ms requirement for the shuttle motor can be
easily achieved even though the detonation transfer leads are comparatively longer.

Each shaped charge will be initiated in three places to provide redvndancy for reliabil-
ity (Figure 3-58).

Thrust Termination Tradeoff Studies - There are several major TT port design
concepts presently considered for use in solid propellant rocket motors. The varia-
tions of these major designs are many,and once a general gystem i8 selected,a design
effort must be expended to optimize the final design.

For the purpose of this discussion, three general systems are consldered.

1, The cut dome plate conoept (Figures 3-59 and 3-80).

2. The ductile bubble dome concept (Figures 3-56 and
3“5»-

3, The frangible burst disc concept (Figures 3-61 and
3-63.

In all three design concepte studied there are similar baseline design con-
straints,
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Figure 3-69. Cut Dome Plate Concept
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1. The dome adjacent to the port opening was reinforced
with a huiltup metal collar which in addition to rein~
foreing the hole cutout, provides a bolt ring onto which the
the TT stacks can be bolted.

2. The TT stacks were assumed to protude througn the inter-
stage structure but are not rigidly attached to it. Any
movement of the TT stacks duc to dome rotation would
be accommodated by clearance between the stack and
the interstage structure.

A brief design description of ¢ach concept follows.

Cut Dome Concept (Figure 3=-569) - This design concept is similar to the one
presently employed in the TITAN IIIC motor program. The dome reinforcement
and coverplate are integral and placed in the dome by three dimensional machining
or welding (where possible). The TT stacks are bolted to the reinforcement. A
ghaped charge is placed around the outside circumference of the dome plate. The
port is activated (Figure 3-60) by firing the shaped charge through the insulation and
the metal dome. The cut plate is ejected through the TT stack and the port flows gas.
The hot gas is in direct contact with the cut metal edge because of the nature of the
charge cut. This design concept is probably not capable of surviving a full term low
pressure firing without a great deal of meltback in the metal.

Ductile Bubble Concept (Figure 3-56) - This design is really an extention of
the cut dome plate concept. The reinforcement ring and bubble dome are machined
integrally and welded into the dome. Because of its small radius of curvature, the
bubble dome can be much thinner than the plate in the cut dome plate concept. A
hard type (erosion resistant) insulation ring can be installed around the reinforce~
ment ring, providing the capability to endure, thus insuring relatively long-term
operation times.

The system is activated by firing a cross pattern shaped charge which cuts
the bubble into quadrants. The material selected for the bubble application must be
capable of being bent back against the stack wall without fraugible fracture. Many
materiale are capable of this requirement, including the HY-140 steels., After cut-
ting the dome, the port is allowed to flow without any direct contact between the gas
flow and the reinforcement ring.

Frangible Burst Disc Concept (Figure 3-61) - In this concept the dome is
again reinforced witha metal ring, but a hole is left in the center of the reinforce-
ment ring. A glass pressure barrier is placed in the port during motor operation.
The barrier is a dish-shaped design which utilizes polycrystalline glass as a struc-
tural and frangible material. By applying unique processing methods, the part is
prestressed during manufacture. The prestress consists of high compressive stresses
at both outer surfaces, and tension stresses at midthickness. These residual stresses
are beneficial in utilizetion of the frangible pressure barrier concept and are
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responsible for excellent mechanical properties. A 30,000 psi madulus of rupture
tensile strength i8 a reasonable design value, Any externally applied load must over-
come the residual compressive stress to produce high enough teneion at the surface
to cause rupture, Further, by introducing & discontinuity in the prestressed outer
surface the part will experience; complete disintegration, Fracture proceeds through-~
out the part at approximately the speed of sound in the medium,

At the loaded edge, the glass disc is completely encased in a rubber boot to
provide a soft support foundation to help insure au evenly distributed support load.

The system is activated by firing a conical shaped charge into the center of
the burst dise, which disintegrates the disc into extremely small particles of glass
which are ejected through the port.

Table 3-30is a summary list of the advantages and disadvantages of each con-

cept. The ductile bubble dome concept was selected for the baseline design primarily
because it does not release debris that might impact the orbiter and cause damuge.
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TABLE 3-80
COMPARISON OF VARIOUB TT CONCEPTS

r Conoept Advantages Disadvantages
Cut dome plate 1, No pressure seal required 1, Large enorgy release in oase
2. General concept has been demon- 2. Large cutting charge required
F strated on Titan program

8, Maetal disc projoctile
[ 8, Tested during normal hydrotest
: 4. Metal reinforcement is exposed to flow
' ' since insulation is out on same line as
' metal, Usability questionable if port~

E ing is required
Frangible glass disc 1. Almost no energy release to case 1. Development effort required
2, Minimum cnergy required to 2. Pressure seal required
fracture

3. Solid glass debris

4. Separate proof test required for glass
plate

5. Metal reinforcement is exposed to flow,
Usabtlity without rework not possible,
Rework capability not probable

6. Possibility of damage prior to firing

Ductile bubble 1, Applicable to all designs 1. New concept, Not yet proven
2. No hard debris to consider 2. Only feasible with relatively ductile
materials such as HY=-140,
8, Metal dome can be protected during
operation giving good chance of .
reusability without rework when TT 3. Pressure seal required
porting is required

4, Not tested during normal hydiotest
4, Light cutting charge required

6. Small energy release in case upon
firing

6. Tested during normal hydrotest
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3.4,2,2,2,3 Thrust Termination Ordnance Design

. Explosive Tranefer System and Cutting Charge ~ There are two TT stacks
on each SRM, When thrust termination is required, it will be a function of the TT

l ordnance system to cut the ductile dome which is bolted to the reinforcement ring
inside the TT stacks. This cutting can be conveniently accomplished by the use of

I crossed linear shaped charges, A 100 gr/ft aluminum sheathed RDX linear shaped
charge will cut through the dome, but will not completely penctrate the internal
insulation. Each TT port will have a single crossed linear shaped charge to cut

l the port hole into four quadrants (Figure 3-58 ). Each crossed shaped charge will
be initiated in three places.

The porting shaped charges will be mounted in a shock absorbing plastic
material supported by a metal shell which will be rigidly attached to the port domes,
The charge support structure will hold the shaped charge at the required standoff
and orientation to the port dome, See Figure 3-63 .

The TT transfer system will function as follows: There will be a S & A device
mounted on the forward dome of each motor. A fire current applied to the device in
the armed condition will initiate two detonators which in turn will initiate two 2.5 gr/ft
RDX confined explosive leads. These leads are connected to a manifold which is also
mounted on the head end of the motor. The manifold will contain a 10 gr/ft RDX
explogive train formed in a loop so that it can be initiated at both ends by the redun-
dant lcads from the S & A device, From the manifold, three 2.5 gr/ft confined
explosive leads will originate at each side of the manifold. Two of the leads will
initiate the explosive shaped charge in the stack on each end of the cross.

l Safety and Arming Device - The S & A device used for the TT system is the
same device used for the motor ignition system except it is modified to initiate an
explosive train. This modification requires the replacement of the squibs with
I 1 amp, 1 w rated detonators of the same physical dimensions, This detonator has
been qualified on the Titan IIIC TT device. Figure 3-64 shows the S & A device-
‘ to-manifold interface.
A

The 8 & A devices are essentially identical to those used on the Titan IIIC in
form, fit, and function, and are recommended because of cost savings and increased
reliability.

Explosive Lines - The explosive lines will be of confined mild detonating fuse,
Detonating fuse core loadings of 2,5 gr/ft of RDX have been demonstrated reliable
in many systems. The confined core consists of a core of explosive with a lead
sheath, A solid plastic sheath is extruded over the lead and then five to seven layers
of nylon are braided over the plastic sheath. Each end of the explosive lead termi-
nates in an end _rimer and attachment fitting.
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End Primer -~ The end primer and attachment fitting conslsts of 0 ateel
hooster cup with a pressed explosive charge, The next atep in the explosive
train is a conjeal charge prossed into a metal housing, This charge makog the
djamotor transition hetween the charge in the cup and the amall dinmeter charge in
the detonating cord which provides reliable detonation in oithor direction, The eup
covers hoth main charge and conieal charge and fita over o steel housing to which
the cup i8 welded for a strong, moisture-proof seal, The housing slips aver tho
cover on the detonating cord, The internal surface of the housing is throaded to
provide good mechnnieal contact to the eord cover., The housing is honded and
mechanically swaged onto the detonating cord, providing an extremely tight grip on
the detonating cord cover, 'This design provides a roliable end primer eapable of
sorving as cither a donor or a receptor with a minimum of parts and oxcellent seal
and mechanical strength,

Manifold Design - The manifold proposed for this explosive sysiem (Figure 4=65)
will contain a single continuous loop of 10 gr/ft MDF explosive lead which will be

initiated on hoth ends by redundant leads coming from the S & A device. Outgoing I

explosive leads from the manifold have end primer receptor charges which butt up
against the looped lead charge in the manifold.

Shaped Charges - Aluminum sheathed RDX shaped charges are the bascline
selection for the TT system. A charge loading of 100 gr/ft of RDX is specified. This
is the charge weight that will penctrate the dome but not the internal insulator,
Figures 3-66 and 3-67 show the optimum standoff and penetration as a function of
charge lozding for an aluminum sheath RDX linear shaped charge. Final selection of
charge loading cannot be made until penetration tests have been conducted on pressur-
ized bottles made of the same material as the motor dome.

There will be attachment bracketry permanently attached to the dome for
installation of the shaped charges, During final assembly of the TT system, the
charge assembly can be placed on the port and bolted or clipped to the bracketry.
The assembly is then completed by screwing the initiating leads into the fittings on
the charge assembly and lockwiring them in place (Figure 3-58 ). The detonation
and penetration sequence for the LSC are shown in the figure.

Fabrication Techniques - The explosive components (ie, linear shaped charges,
end primers, explosive leads, confined detonating cords, and manifold lead charges)
will be procured from outside sources and agsembled hy Thiokol,

The TT system will be designed so that all explosive leads, manifolds, and the
S & A device may be installed at the Wasatch Division before shipment, The large
cross porting charges will be packaged and shipped separately,

redundant power supplies. The power supplies are arranged so that each fires one
initiator on each § & A device (Figure 3=68 ).
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The explosive train is completely redundant, The lack of redundanay in the
shaped charge is compensaied for by triple initiation (Figure 3-69 )s Detonation
proceeds in both directions along the linear shaped charge from the point of initiation,
Therefore, one successful initiaticn on each aystem will serve to open the TT port.

3,4,2,2.2.4 Thrust Termination Plume

A characteristic of the headend porting technique of thrust termination is tho
chaust plume at the headend of the motor after the ports are cut. The characteristics
of this exhaust plume were predicted using the same techniques as used for the analysis
of the main nozzle plume at altitude (MOC program), The results of these predictions
are shown in Figures 3-70 and 3=71, Figure 3=71 shows the maximum exhaust
plume that could be produced by exhausting all of tho gases through one TT port with
an average chamber pressure of about 850 psia. Using two ports, these conditions
would be reduced to the plume shown in Figure 3-70 within about 0.5 sec. This
occurs because the additional port area reduces motor chamber pressure to about
100 psia. The TT exhaust plume opposes the missile velocity causing a smaller
plume than that exiting from the motor's nozzle.
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3.4,2,2,2,6 Destruct System

Range safety procedures may require a destruct system on each SRM and
if so designated such a system can be adapted to the Space Shuttle motors. A
description of thc destruct system design is presented herein,

The destruct system on each SRM will be initiated by the detonators in an
explosive train 8 & A device. This device will be identical to the thrust termina-
tion § & A device except that the firing connectors will be keyed differently to
avoid accidental switching of firing lines during final assembly.

There will be two parallel, 250 gr/ft RDX aluminum sheathed linear shaped
charges in the SRM raceway. The charges will be located on the cylindrical
section of each segment,

The ghaped charges will be connected to the S & A device and to each
other by explosive leads. These explosive leads will be identical in design to
those developed for the thrust termination system, There will be an explosive
crossover between the charges at each motor segment, Figure 3-7T21isa
schematic layout of the destruct system and Figure 3-73 shows details of the
crossover detonation transfer lead and LSC connections,

Mounting clips will be provided in the raceway for the shaped charges.
The shaped charges will be shipped separately from the motor segments. The
safety and arming devices and explosive leads will Ge installed before shipment.
The shaped charges will be assembled to the motor at the launch site, as shown

in Figure 3-74.

The shaped charges will be designed to cut through the case and approxi-
mately half-way through the internal case insulation so that an inadvertent firing
of the destruct system on an unignited motor would not result in ignition of the
motor propellant, This system will provide destruct capability at low as well
as high motor pressures. Destruct system design parameters are presented
below,

Parameters Reguirement

Redundancy requirements Two complete systems side
by side, with redundancy
between, either of which
is capabic of SRM destruct,

Destruct time after 0.008 sec (max) ;
signal is received at i
8 & A device -
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Parameters Requirement
Depth of cut Through case and approxi~

mately half-way through
internal ense insulation,

Charge standoff 0,44 in,
Charge sheath material Aluminum

Charge explosive materinl  RDX

Approximate length of 85 ft

charge (each sido by side

charge)

Number of crossovers One a each segment joint,

The ignition delay of the detonator is 200 to 300 microseconds, The linear

shaped charges and explosive leads have a total length of about 1,020 in, Ata
detonation velocity of 6,500 meters/second (RDX), the time to detonate the com=
plete charge from the S & A device to aft segment 18 less than six milliscconds,

The charges will penetrate through the case cylindrical sections in two
parallel cuts,

The explosive components will be procured from an explosive component
manufacturer and assembled at Thiokol.

The destruct system (except the shaped charges) will be assembled to the
segments at the Wasatch Division. Final assembly of the charges into the race-
way will take place at the launch site., The destruct system brackets, 8 & A
device, LSC, and crossovers can be installed at the launch site with ease on the

reclaimed motor cases if required.
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3,.4,2,2,4 FEleotrical and Electronie S8ystems

Power for the TVC ayatem will he supplied from the ground electrical
systema before launch and from the onhoard hattery ayatem after launch, Remote
awitching capability hetween the ground and airborne power will be provided with
control fromthe ground,

Other electronic and clectrical subsystems required will be:
1, TVC distribution box
2. HPU control system
3. TVC power
4, Staging rockct ignition
6. Thrust termination and destruct

The same reliability requircments applicable to the baseline electronics
and electrical subsystems alsv apply to the optional subsystems,

The nozzle actuation and staging rockets are discussed in a separate section,
This section describes the destruct system and thrust termination,

During countdown and until the ordnance is armed, the simulator resistors
and igniter S & A devices are monitored for unsafe voltage levels, The stray
voltage detectors indicate excessive voltage by an electrically open condition
on their output leads, Stray voltage detection (SVD) monitor circuits will be
designed to detect current levels ‘n excess of 500 milliamperes (ma) in the
primer circuits, Detection is denoted by the remov.l of power from the ground
ckeckout devices monitoring the state of the SVD circuit,

Separate voltage regulators are used for the enable/disable circuit and
the igniter stray voltage detector. The latter circuit will be supplied with ground
power during checkout and is inoperative during flight. The power supply voltage
to the SRM enable/disable circult is supplied by the ordnance battery,

The instrumented parameters directly associated with the box will be pro=-
vided with cireuit protection resistors within the unit, and final signal conditioning
will be accomplished in the Flight Instrumentation Enclosure, These parameters
are the "enable" indication, the "disable" indication, and the ignition currents (2).

The destruct system destructs the SRM case upon receipt of command from the
thg)!pace Shuttle Orbiter. These functions are accomplished by rupturing the motor
case through detonation of linear shaped charges mounted on the SRM,
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Safc and arming functions are accomplished hy a mechanical 8 & A device
with integral simulator resistors waich allow continuous eircuit monitoring for
stray voltage,

Orbiter command signals for ignition command, destruct, maifunction de=~
tection enable and disable, and staging motor ignition nre received and distributed
by the ordnance distribution box, Power for the malfunction detection system (MDS)
is supplied by the airborne ordnanco hattory,

Destruct subsystem design requirements will he satisfied by using qualified
components, Destruct subsystem components which satisfy the requirements of
the Space Shuttle are:

1, 8 & Adevice

2, Destruct charges

3, Transfer charges

4, Destruct raceway

6, Ordnance battery

6, Ordnance distribution box

The capability must be provided to arm the thrust termination or destruct
explosive packages either by mechanical or electrical techniques and determination
of the arm or disarm status must be possible by simple external inspection, Arming
by solenoid or other clectrical means will be accomplished prior to missile first
motion, This incorporates a capubility to permit electrical disarming from a
remote locuation and a means of mechanically disarming at the missile. A system

incorporating both arm and disarm capability also will provide a means of remotely
indicating the arm or disarm status,

The SRM segment of the command destruct system will interface electrically
with the Space Shuttle through the forward staging connectors. The command
destruct electricul signal from the Orbiter will be routed through the ordnance
distribution box to the destruct S & A which will detonate the destruct charges,

In accordance with design requirements, an electrical system for inflight
disarming of the thrust termination and destruct systems will be provided, To
provide the disarming function, an additional circuit will be designed and incorpo-
rated in the ordnance distribution box, The circuit will utilize the disable command

signal to transfer ordnance battery power to the thrust termination and destruct
units safe circuitry,
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The ordnance diatribution hox provides the switching eireuitry for firing the
staging mators, Both the ataging command and staging power are derived from the
Space Shuttle vehicle,

In addition to performing the sensing and logic functions to provice mal-
function detection, the ordnance distribution hax performs u gen- ral distribution
and contro} funetion on all ordnance power and command signuls hetweon the SRM
and the Space Shuttle vehicle, Particular functions inelude wmonitoring the fire
command circuits for hazardous currents during proluunch conditions, distributing
vohicle monitor powor and Space Shuttle signals, and supplying flight instrumentation
input signals, Both the firing and monitoring cireuits are redundant,  Solid=statc
active and switching clements uro used throughout with the exception of reluys
which drive status=-indicating lights lor ground prelaunch monitoring.

The enclosure, which 18 the major design item, is u one plece aluminum
custing, The enclosure provides u rigid ussenibly for the printed circuit hoards
and SCR's, The overall unit is approximately 13,9 by 17,0 by 8.6 in, und it weighs
less than 50 b, Discrete components will be mounted directly to the printed eircult
hoards in a planar arrangement, No connectors will be used in the circult hoard
assemblies, The harness breakout wires arce terminated in erimp=pin connectors
which are soldered directly to the circuit boards for improved reliability. The
SCR's and power resistors will be tounted on the floor or walls of the enclosure,
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3.4.2.3 Stage Components

The design of the structure required to mate the solid motors to the Space
Shuttle vehicle and to support the assembled vehicle on the launch pad is presented
in this section. Also included is a discussion of staging dynamics and load trans-
mission to the Space Shuttle vehicle during separation of the SRM Stage. Electrical
and electronic equipment requirements and interfaces have been discussed previously
and therefore are not repeated in this section.

3.4.2.8.1 Introduction

The SRM staging structure was evaluated as a subsystem including (1) attach-
ment structure, (2) nose cone, and (3) aft skirt. There is an interaction between
component designs dependent upon the definition or selection of primary attachment
locations an¢ configurations.

Loecation of the primary attach structure in the aft end provides the advantages
of deleting the need for a structural nose cone and reduced case launch and flight
loadings. The aft skirt must withstand the predominant pad holddown loads and,
consequently, is structurally capable of transmitting the thrust loads. However,
discussions with prime contractors indicated that the aft attach configuration placed
severe penalties on the HO tank design. Since case loads for the forward attach
configuration are not significantly greater than horizontal static firing loads and can
be readily accommodated in the design of the case segment joints, the forward
attach configuration was selected for the baseline. In addition, the design was con-
strained to implement the distribution of attach structure loads within the nose cone
and aft ekirt (as opposed to the pressure vessel).

The loads definition for this study has, unfortunately, been rather general.
It began with inhouse assumptions (from prior prime contractor data) as to vehicle
configuration, acceleration, wind, and control requirements. Data later furnished
by The Boeing Co were, in jjeneral, more severe than original assumptions and
representative of load requiroments later obtained through discussions with other
vehicle contractors. The Boeing data (Tables 3-31.and 3-32) were input to the
Thiokol NASTRAN model of the Sk Stage to establish component or element
maximum structural loadings, response, and design requirements.

The baseline SRM Stage structure subsystem designs provide for the details
requisite to (1) thrust vector control, (2) thrust termination, (3) staging, (4) recovery
and refurbishment, (5) malfunction detection, and (6) electrical and ordnance sub-
system components. To compensate for the lack of some fine details and refine-
ments, the structure has been conservatively sized to assure credible costing.
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TABLE 3=il

SRM STAGE TIEDOWN LOADS
(2~166 In, SRM's)
(The Boeing Company)

Limit Loads

A

Load Condition (KIPS)
1, 0g Static ~1220
Ground Wind Producing Positive
Pitch (Relative to Orbiter) «871
Ground Winé Producing Negative
Pitch (Relative to Orbiter) =1569
Full Orbiter Thrust, Zero SRM Thrust =2842
Full Orbiter Thrust, Full SRM Thrust «1673
Full Orbiter Thrust, Full Right SRM
Thrust, Zero Left SRM Thrust =2645
Full Orbiter Thrust, Full Left SRM
Thrust, Zero Right SRM Thrust -1476

i
(KIPS)
~1220

=1569

-871
+1245

+2414
+1043

+2217

C
(KIPS)
=1220

-871

~-1669
-2842

-1673

-1476

=-2645

D
(KIPS)
=1220

-1509

=871
+124°%.

+2414

+2217

+1048

Y (RT)

S

' |
|——- 166 IN, —omd
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Load Condition
Thrust Buildup
Launch Release (=)
Launch Release (%)

3. 0g Boost

TABLE 3-32

SRM STAGE ATTACHMENT LOADS
(2166 In, Farallel Burn SRM's)

Limit Loads
Forward Attach Aft Attach
Fittings Fittings
Fy F Fy Fy Fg

Y
(KIPS) (KIPS) (KIPS) (KIPS) (KIPS)
-219 =16 -2563 +18 ~102

=593 =43 =121 43 -115
=596 -43 =71 +43 -85

-1613 ~-1168 -20 +1186 =23

Forward Fitting at Station 986
Aft Fitting at Station 2235
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3.4.2.3.2 Stage Structure
3.4.2.3.2,1 Nose Cone

The haseline design selected fo:r the forward structure is a structural nose
cone concept, & schematic view of which is shown in Figure 3-75 , The main thrust
load is reacted through struts into the main thrust clevis (Figure 3-76 ) which is
bolted to a ring near the apex of the nose cone. The load is then transferred to longi-
tudinal I-beam stringers back into a kick ring at the motcr skirt interface. Two
circumferential stiffening rings are joined to the longitudinal stringers to enhance
the buckling capability.

A thin skin is attached to the outside of the structure for aerodynamic purposes.

The nose cone tip is a spun part attached to the main load ring. Several sway
brackets (Figure 3-77) are attached to the kick ring.

The forward thrust structure provides aerodynamic fairing for the front end
of the SRM and transfers the thrust load from the SRM to the HO tank. The thrust
transfer occurs in such a manner that no deleterious concentrated loads nor bending
moments are induced into the SRM case. In addition to the main thrust loads, the
forward sway and roll loads are taken by the structure. Compatibility with the for-
ward thrust skirt of the motor is required.

The two major forward thrust structure designs considered were:

1. A single point thrust pickup on a structural skirt
extension with an aerodynamic nose ccne.

2. A structural nose cone which doubles as an aero-
dynamic fairing and transmits the SRM thrust to the
HO tank by two main struts attached to brackets near
the apex of the cone,

Figures 3-78 and 3-75 are sketches of the two designs. Preliminary design
studies for each concept indicate that typical weights would be 5, 500 and 4,000 1b

for the two designs, the structural nose cone concept being the lighter. Following
is a list of the advantages and disadvantages of each design.

Structural Nose Cone
Advantages
1. Better distribution of axial load into SRM skirt.

2. Lighter weight, due to dual usage of cone structure
and shorter overall length,
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Figure 8-76. Main Thrust Clevis
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3, Less hending moment in motor case due to axial com-
ponent of thrust being taken out near motor centerline,

4, Only one interface with motor.,

5, More conventional - aircraft type structure; no tapered
doubler plate. No large diameter torsional sections
required,

Disadvantages
1, Two-point separation of main thrust struts,

2, Thrust termination ports must protrude through more
complicated structure,

Single Point Thrust Pickup
Advantages
1. One separation point for main thrust connection.
2. No forward roll or sway bars required.

Disadvantages

1. Induced large additional bendisg moment in case due
to axial thrust component being taken far from motor
centerliue,

2, Higher circumferential loading transmitted to SRM
thrust skirt.

3, Two interfaces, with component interchangeability,
will be required - thrust skirt to motor and thrust
skirt to nose cone.

All major components used in the baseline forward nose cone and thrust
adapter design are 6061-T6 aluminum. The alloy is readily obtained and can be
formed and welded easily, Most fabrication shops have ample experience with the
material, It has adequate strength in the T6 condition to accommodate efficient

design practices.

There are, however, many aluminum alloys which afford essentially the
same advantages as 6061 which could be easily substituted,

All fasteners would be standard aircraft type.
3-197
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The general type of construction (frame, skin stringer) I8 quite atandard in
the aireraft industry and represents no significant departure from eurrent fahrieation
technology.

The nose cone tip will be spun to shape from aluminum plate, The main load :
ring will be a machined forging or casting. !

The longitudinal stringers will be standard I-heam shapes, cut to length and
welded forward and aft to the main load ring and the afl kick ring, respectively, Two
standard "U" sections will be rolled into circumferential rings and welded to the
stringer columns for stiffening,

An aerodynamic skin will be riveted to the outside of the entire frame assembly.
The skin will consist of rolled plate with a doubler plate at the skin (seams).

The main thrust bracket and the sway bracket will be machined from 4130
castings or forgings and heat treated to 180,000 psi minimum ultimate strength,
They will be bolted to the appropriate rings.

3.4.2.3.2.2 Aft Support Skirt

i
o The baseline design of the aft support skirt is shown in Figure 3-79. The
" ! entirc assembly is bolted to the aft thrust skirt of the SRM motor at the upper box
The ying, This ring serves a dual function. It provides a double surface on which to mate
the motor and aft stoucture and provides a stilf frame for aft sway and roll bracket
l mounting, If TVC is required, the nozzle actuator will also be mounted on this frame,

The entire compression and tensile axial skirt loads enter the structure at
two places shown as the holddown and support points. The load carrying capability
of these two points is provided by large doubler plates which begin as a very heavy
section (approximately 12 in. wide) at the base and spread out at 30 deg (per side)
as the thickness decreases. This is required to distribute the axial load.

L - X AN

T L TTMNEW
% <

The compressive axial loading is taken in bearing at the end of the doubler
plate, while ports are provided in the doubler for holddown hooks to grip the skirt
and react the tensile (thrust) loading.

An "L" frame is provided at the aft end of the skirt to maintain the circu-
larity of the section during loading.

A relatively thin aft fairing skin circumvents the doubler plates and "L"
frame. This skin will provide both aerodynamic protection and transverse (shear)
load carrying capability.

-
The center ring is at approximately the midpoint of the aft structure. Shown

as a T-sectlon, this ring serves to further distribute the load from the doubler plates, -
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Figure 3.79. Aft Support Skirt
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connecta the doubler plates and aft akin to the upper skin, and provides a stiff frame
for additional away har brackets required for staging purposes,

——— -

The upper skin is much heavier than the aft fairing since it is & primary
load carrying member. The support loads from the doubler pletes are transmitted
through this skin to the upper bax ring and aft akirt of the SRM,

The general nature of the design allows for a fairly conventional approach
to fabrication. All mechanical joints will be made with standard type aircraft
fasteners, A minimum of welding is required, although welding (spot or seam) will
be permiited in constructing the basic skin and frame sections, {f required,

X & ST TSR SLES Rel ool S

RV

The aft support skirt must support the entire weight of the orbiter, HO tank
and SRM assembly in the prelaunch condition on tne launch pad. In addition, it is
required to hold the assembly on the pad in the post-ignition condition,

L P NEENCR

After the assembly of the complete shuttle unit, all of the weight of the entire
assembly including the orbiter, HO tank (loaded), and SRM's must be supported at
two points on the aft skirt of each SRM (four points total), In addition, the assembly
can be subjected to a ground wind in any direction. This overturning moment con-
tributes additional loads to the load points in the worst condition in addition to the
basic compressive load due to weight,

-

prior to SRM ignition. At this time the support points must be capable of reacting:
(1) the total assembly weight minus orbiter thrust; (2) the overturning moment of the .
orbiter thruet which acts offline with the support centerline; and (3) an overturning ’
moment due to maximum launch wind loads. A preliminary estimate of these loads ‘
was presented earlier in Table 3-31.

Only one general kind of aft skirt assembly presently is baing considered.
The requirements dictate that the load must enter at two support points, From
these points, the load must be spread out through heavy members to an acceptable
level before it enters the aft motor case thrust skirt. The heavy structure that
serves to spread the loud can be fabricated from either tapered plate material as
shown in Figure 8-79 or from tubular columns as shown in Figure 3-80.

All major components used in the baseline aft skirt design are 6061-T6
aluminum,

All fasteners would be standard airecraft type.

Except for the size of some of the components, the design of the aft support e

skirt is conventional and lends itself to standard fabrication procedures. Typical
fabrication techniques for each component are as follows. -—
8200 o
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» ' The most severe design condition will occur upon ignition of the orbiter but
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Figure 3-80. Aft Support Skirt Tubular Column Dasign
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The heavy, tapered doubler plates will be rolled to a cylindrieal shape from
plate materinl equal in thickness to the maximum required, The doubler shapes will
then be cut from the plate, and the contour machined, (The procedure could ho ro-
versed, and the contour machined when the plate s flat and then volled or pressed
to shape, elther hot or ecald,)

The hottom "L" frame will he elther n welded section or oxtruded, The same
{8 true of the upper hox ring or the conter "T" frume. In large production quantities,
:t would probably prove oconumically desirable to procure extrusion dles and cxtrude
the scctions,

Both the upper skin and aft skin fairing will be rolled nluminum plate. One
or more longitudinal doubler strips are pormissible if the scctions are segmonted,

All connections will be made with standard aireruft connectors (bolts, rivots
and speclal application fasteners).

Interchangeability will only be required at the interface between the aft skirt
and the case. The fit of subcomponents within the aft skirt can be built upon a fit
at assembly basis and interchangeability wiil not be required,

3.4.2,3,2.3 Stage Attach Structure

Following the general SRM approach to design and analysis, the stage attach
structure is relatively simple and straightforward. A structure of column elements has
been selected, because it is analytically predictable, hus design flexibility, and can he
fabricated easily using avallable standards. The SRM Stage with the four fixed but
adjustable attach points is presented in Figure 3-81, 'The primary axial loads are
transmitted through the tensile elements of the forward frame structures. The aft
attachment is not constrained in the axial direction. Details of the elements and
components are found in Figures 3-82 and 3-83.

The illustrated design was analyzed for the loads presented in Tables 3-31
and 3-32 using the NASTRAN S3201A computer code. The column or rod elements
were so sized that limit stresses were 60 ksi or less. Thus, many relatively low
cost, readily available steels are applicable,

The columns or rods will be composed of solid end tubes fitted with rod or
clevis ends and ball joints, The tubes will be rolled and welded in standard sizes,
and high strength tube ends will be machined from bar stock, All but the main thrust
element rod ends will be standard high strength parts. The main thrust rod and the
clevis ends will be machined to requirements.

The forward attachment fittings (Figure 3-84 ) will be machined from
forgings and welded to the main thrust elements. They will include the flanges and
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ball joints to mate the forward stabilizing element clevises, The main hall will
interface with the HO tank gtructure and will include the explogive release holta,

The aft attachment fittings (Figure 3-85) also will be machined from forgings,
The head of the "T" will be the glide that will be contained in a track on the HO tank,
The aft lateral element clevis will be double pinned to stubilize or fix the interface
dimensions, The fitting will include the ball joints for interface with the thrust and
sway elements,

The design requirements for the SRM Stage attach gtructure are necessarily
gomewhat general, since 8 particular vehicle and the associated gtructural and dimen-
sional interfaces huvenot beendefined. The requirements postulated by Thiokol for the
purposes of this gtudy follow.

1, The design will be conservative to assure that any
adaptation to future specific requirements will not
exceed the predicted costs.

9, The design safety factor will be 1.5 considering the
most severe vombination of loading for the conditions
of launch, flight, staging, and recovery.

3. The attachment structure should be adjustable to
compensate for stage assembly tolerances.

4, The design should be compatible with reliable explo-
sive release mechanisms and rocket assisted staging.

5. Localized loads must be transmitted outside of both
the SRM and HO tank pressure vessels. Load distri-
butions in the pressure vessels should be reasonably
uniform,

While formal trade studies on the stage attach hardware were not developed,
the many possible concepts or alternatives were gystematically evaluated. This
approach led to the baseline selection of the relatively simple, analytically pre-
dictable, column element frame structure, The gelection 18 conceptually similar
to the Titan IIIC design.

Following are discussions of the more significant elemen.s, parameters, or
variables considered.

3,.4.2,3.2.3.1 SRM to HO Tank Interface Locations

Vehicle contractors indicate a strong preference for location of the primary
attach point at the bulkhead between the Hydrogen and LOX tanks, While advantageous
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to the HO tank design, this forward attach point will penalize the SRM design, The
forward attach point will require that the cage tranamit larger bending loads, How-
ever, these loads only affect the segment joint design--the design load would be
inercased hy approximately 15 percent,

3.4,2.5.2.3,2 Load Transfer

Column, beam and shear elements and combinations thereof have been con=
sidered. A single primary attachment at the tangent point of the SRM and HO tank
diameters has been suggested by several vehicle contractors. While apparently
siniple and attractive, the structure (probably a shear web or truss) required to
transfer the load would be relatively complex. This complexity results from the
requirement to distribute the loads outside of the SRM case. '

The column element frame structure with the major load element (strut) in
tension allows the introduction of load high on the nose cone. The nose cone is de=
signed to approach uniform distribution of the load at the case interface. The trans-
verse reactions of the forward and aft stability struts are readily distributed through
the attachment ring,.

Conceptually tha frame structure design is that of the Titan staging structure
and has been selected &8 the baseline for this study.

3.4.2.3.2.3.3 Release Mechanism and Staging Technique

The SRM will be released through an explosive mechanism. While many
techniques are practical, a simple explosive bolt has been selecied as the baseline,
It would be compatible with a ball and socket type joint aligned to transmit the
primary load either in shear or compression.

Mechanical aerodynamic staging appears feasible; however, there is some
concern as to the difference in release dynamics for the two motors for all vehicle
attitudes and maneuvers. Rocket assisted staging should be faster and more con-
sistent of all conditions. In the final analysis, some short term mechanical contrcl
or guidance could be desirable,

These considerations resulted in the baseline selection of a compressive ball
joint to react the primary load at the forward attach points. The ball will be contained
in the socket by an explosive bolt. This bolt will react the SRM burnout (prestaging)
tension loads. The aft stabilizing structure attachment will be a glide or roller con-
tained in a track on the HO tank skirt (nv vertical constraint),

Two staging techniques have been evaluated. The mechanical staging sequence

will initiate with the signal to the explosive bolts, The SRM will slip aft, clearing
the ball joint prior to hitting the aft attach fitting stop. Aerodynamic forces (and &
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vaulting har, if required) will force the SRM to pivot about the aft mechanical re-
leage mechanism to the required release attitude (30 deg), The rocket asalsted
ataging sequence will begin with the simultaneous initiation of the staging rockets
and explosive bolts, The SRM will drop, clearing the hall joint prior to elearing
the aft track, The track will be configured to assure the proper initial conditlons
for the desired staged SRM trajectory,

3,4,2,3.2,3,4 Assembly

The struts of the selected frame structures are, in essence, large turnbuckles,
This adjustment feature will allow for assembly tolerances and provide for SRM
alignment and limiting strut preloads.

The frame structures must be restrained to the SRM to prevent damage to
the orbiter, SRM, and stage structure during staging. Each of the two forward and
two aft attach structures will be stable three element frames, The resulting analyti-
cal redundancy will be evaluated for the worst combination of coupled and uncoupled
elements,
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4,4,2,3,8 Btaging

Staging of the SRM'a in the paralial burn mode raquires a smooth separation
of the expended motora from the orbiter vehicle, followed by & safe, collision-free
trajectory. The relative and abaoiute motion of the SRM Stage and the aft end of the
orbiter vehicle must be considered during the ataging saquence to assure that no
contact ocours hatween orbiter vehicle and the ataged aystem. A rigorous and
detailed analysie has not been posaible, since. some items, such as the effects of
mutual aerodynamic interference, are beyond the scope of this study; however,
within limitations, it has becn possible to identify the two methods that appear
feasible, which are presented below,

In the flrst method (Figures 3-80 and 3-87) the SRM forward attachment is
mechanically released from the orbiter tank, which allows the SRM, hinged at the
aft attachment, to pivot in the yaw plane to an angle of 28 deg. Anticipating small
differences in rate of rotation, the SRM's would not be expected to achieve the
28 deg of rotation simultaneously; therefore, when one of them passes the 28 deg
position, an explosive charge would be actuated at each aft attachment and both of
the expended SRM's would be released from the orbiter tank. There is redundancy
in the aft release mechanism provided through a mechanical release of the aft attach-
ment when the SRM's have reached a rotation nngle of 30 deg. Simultaneous release
of the SRM's will produce a smoother and cleaner staging operation, as smaller
unbalanced forces will be transmitted to the orbiter vehicle, resulting in requirement
for less control correction in the yaw plane. This method is similar to the
mechanical release system proposed by the McDonnell Douglas Astronautics

Company.

Time zero in the staging sequence occurs when the SRM thrust has decayed
to 75,000 Ibf, At this time, the forward attachment is released, allowing the SRM's
to shift aft to a position where the aft end {s hinged and the forward end is free. In
the hinged position an initlal force of 86,400 lbf acts forward and parallel to the
orbiter's centerline. This force imparts an acceleration of 0.57 g's to the SRM
relative to the orbiter flight path,

The acceleration of the orbiter is sufficient to initiate an outward rotation
of the SRM, As the SRM rotates, scerodynamic forces will contribute to the outward
angular acceleration until the SRM reaches its point of release, After final release,
each SRM assumes its individual trajectory away from the orbiter vehicle,

From initial rclease and during the rotational sequence, the SRM residual
thrust continues to decay until at the time of final release it has reached approxi-
mately 10,000 Ibf. The forward differential acceleration at the aft attachment
increases in response to the SRM thrust decay, aerodynamic forces and realign-
ment of the thrust vector as the SRM rotates outboard, The maximum reactions
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Figure 3-86. SRM Staging Forces Diagram
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aaloulated for the eonnection during the staging sequence are 118,000 lbf forward
and 14,000 bt laterally at 11 deg rotation angle,

In the staging sequence where relepse at the aft attachment s effacted in the
redundant mode (mechanical release at § = 30 deg), there will he an {nstantaneous
change in the connector reaction forea equal to 106,000 Ibf, As the relense ia
mechanical, it ia not probable that the two SRM's will release at the {dentical time
instant; therefore, the foree imbhalance imposed on the orbiter vehicle would cause
it rotation toward the first released SRM, Tho release of the second SRM would
remove tho force imbalance, but the motion induced on the orbiter would ropresoent
n yaw error and might require correction by the orbiter controls,

The prodicted foroes and accolerations ut initial and final stages of scparn=
tions are shown in Figure 8-86 . It is shown by simulation that, in this case,
successful stuging will ocour. This method of separation dous not represent a
hazard to the crew nor will it cause such damage to the SRM's that recovery and
refurbishment would be impnired. The trajectories of the SRM's during the staging
sequence are shown schematically in Figure 3-87.

The alternate staging method employs a rack of solid propellant staging
motors attached to the forward and aft ends of the SRM's and provides redundancy
to the mochanical staging mechanism, In this staging concept, the SRM's may be
released simultaneously without inducing asymmetric disturbance in the orbiter
vehicle,

This method provides for the SRM's to be translated laterally and downward
from the orbiter vehicle in a stable manner until they have cleared the collision
envelope. At time zero of the staging sequence, the separation motors are ignited;
the SRM is released at the head end and the aft end moves buck along a guide rail,
This restriction of lateral motion at the aft end insures that the forward end will
rotate outward into the airstream, The direction of travel of the aft end of the
SRM is controlled by the guide rail to impart the desired orientation of the velocity
vector which complements the velocity imparted by the thrust forces from the
staging motors,

It is considered imperative that the individual motors of the forward rack
have greater thrust than those of the aft rack so that rotation begins and the aero-
dynamic forces on the SRM augment the other forces toward increased separation
distance. To accomplish this, the forward rack of staging motors will have u high
initial thrust with a regressive thrust trace and the aft staging motors will have a
low initial thrust with a progressive thrust trace.

The staging motor system should safely stage each SRM if one of the eight
individual motors should fail to ignite, This requires that the initial thrust of only
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three forward motors be greater than the initial thrust of all four aft motors to
assure that the resultant force would cause the forward end of the SRM to rotate
laterally and down. In case only three of the aft staging motors operate properly,
the initial thrust must be sufficiently high to assure that the aft end of the SRM
translates laterally and down to clear the orbiter HO tank and the orbiter wing.

The staging motors will be designed with identical hardware except that the
fore and aft attachment fixtures will not be interchangeable. Manufacturing tooling
will be designed to prevent interchanging propellant grains between the forward and
aft motors.

The size of the staging motors was based upon staging dynamics at 160, 000 ft
using a simulation which neglected aerodynamic interactions between the SRM and
the orbiter. The assumed altitude is the highest shown in data obtained from the
vehicle contractors. It represents the lowest aerodynamic forces and thus demon=
strates the case for which physical separation will require the longest period of time.
The study of effects resulting from orbiter maneuvering at the time of release is
beyond the scope of present study effort; these effects must be studied in detail to
adequately characterize the separation motors.

A sketch of the staging motors is shown on Figure 3-88. Expected thrust-
time history is shown in Figure 3-89 .

The separation sequence is shown schematically for the normal and the
two failure modes (where either a headend or aft end motor failed to operate) in
Fmre 3“90 O

The selection of the staging mechanism is based upon cost, redundancy,
reliability, eare of staging, and crow safety. The mechanical system is the
simplest to design and the least expensive, requiring only the successful release
of the headend connection.

The alternate method results in increased system weight by addition of the
separation motors, The system will provide a smooth separation and has comparable,
or greater, reliability and increased crew safety relative to the mechanical release
system.,

The simplicity and relative reliability of the purely mechanical system makes
it the cystem selected for the parallel burn baseline design.
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Figure 3-89. Operational Characteristics of SRM S8taging Motors
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3,4,2,4 Mass Properties

Weight, center of gravity, and moment of inertia data are presented in
detail in Appendix B, "Mass Properties Report," Table 3~33 summarizes weight
data for the SRM Stage with all options included.
3.4,2.5 SRM Stage and SRM Contract End Item (Cl) Specifications

Preliminary contract end item (CI) specifications have been prepared for
the baseline SRM Stage and SRM and are contained in Appendix C.

3.4,2.6 Drawings, Bill of Materials, and Preliminary ICD's

A preliminary design package has been prepared, consisting of drawings,
bills of materials, and preliminary ICD's. This information is presented in
Appendix D.
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SRM 156 INCH

TABLE 3-33

MASS PROPERTIES SUMMARY

Case

Insulation

Liner

Igniter

Nozzle

Raceway

Thrust Vector Control
Thrust Termination
Propellant

Motor Assembly

Noze Cone

Aft Skirt

Stage Attach Provision
Instrumentation
Destruct System
Staging Motors
Recovery System

Total

Total Stage (2 Motors)

3-221

Weight (b

102,724
11,906
1,278
571
11,862
171
2,154
661

1,214,327
1,345,654

9,269
12,112
5,177
552
211
296
11,133

1,384,404

2,768,808
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3.4.3 156 Inch SRM Stage Series Burn Configuration

The 1566 in, SRM Stage for the series burn configuration is very similar to
the parallel stage. The main differences are:

1, The stage is larger, It consists of three 166 in,
motors with 1.5 million b of propellant in vach,

2, The physical arrangement is tha: the SRM's are
clustered and mounted behind the HO tank,

3. The stage hardware configuration is consistent
with the tandem physical arrangement,

4. The series Burn requires TVC on the baseline
motor,

3.4.3.1 Basic Motor

The motor design for the 156 in. series configuration is very similar to the
motor for the 156 in, parallel configuration. The grain design is a center perforate
with radial slots at the segment joints, The propellant is TP-H1011, identical to the
propellant in the 156 in, parallel. The motor contains 1.5 million lb of propellant.

As shown on Figure 3-91, the case is longer and consists of four cylindrical

center segments instead of three. The insulation and liner are similar to the
parallel motors.

The performance of the series burn 156 in. SRM Stage is shown below,

Discussions on the TVC system, the staging hardware, and a weight summary are
presented later in this section.
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Performancae Summary
156 Inch SRM, Series Burn Configuration

PERFORMANCE:
Thrust, avg, vae (ibf) 2,970,000
Burn time (sec) 136
Operating pressure (psia) avg 830
MEOP 1,000
Specific impulse, vac (sec) 267.2
WEIGHT:
Propellant weight (1b) 1,500,000
Total motor weight (Lb) 1, 654, 000
Motor mass fraction 0.9086
Total stage weight (Ib) 1,670,000
Stage mass fraction 0.894

3.4.3.1.1 Grain Design and Performance

The grain design for the series motor is the same as that of the baseline
design of the 156 in, parallel booster system except for the forward segment.
Here, a cylindrical port (CP) configuration is substituted for the four slot-slotted
tube configuration of the parallel system grain design. This results in a more
neutral performance. The cylindrical perforated port diameter is 55.6 in, and the
web thickness is 49,6 iuches, :

The 156 in, baseline motor design for the series system will exhibit almost
the same degree of flexibility in burn time as does the baseline 156 in. design for
the parallel booster system, Within the framework of the design and propellunt
system, the burn time can vary petween 125 and 176 sec, Modifying the grain design
by reducing the web thickness can reduce the burn time to 113 sec with a corresponding
increase in grain length of 5,6 percent.

These burn time flexibility limits (for no grain design modifications) and the

limits for operation at the minimum obtainable chamber pressure, as well as
operation at the nominal pressure, are listed below.
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Burn Time Flexihility, 156 In, Series Syatem

Motor designation TU=-R00
Nominal burn time (sec) 135
Nominal avg chamber pressure (pRin) 930
Max hurn time for operation at nominal

chamber pressure (sec) 146

Max burn time for operation at minimum
chamber preasure, imposed by motor

design (sec) 176 at 622 psia
Min burn time available with no grain design
modification (soc) 120

The flexibility in bullistic modification of this cesign is the sume ns that
of the baseline 156 in, purallel design, The anulysis of balllstic modification
presented earlier in the discussion of the parallel design summarizes the capa-

ilities of this design as well,

The analysis described previously in tho section of tailoff performance of
the parallel system is relevant to this design, However, the magnitude of the
thrust levels (between the purallel design and this one) ure different and thus only
the normalized thrust differential data, shown in Figure 3=11, are directly applicable
to this design, The thrust differentiais shown on the other figures in that section
would need to be scaled up by the ratio of: thrust at web time, geries design/
thrust at web time, parallel design.

3.4.3.1,2 Propellant

The propellant used in this design is the same as that of the baseline parallel
system, 166 in, motor, Propellant composition and properties were tabulated
previously in the parallel motor design description,

3.4.3,1.3 Case

The case for the 156 in. series burn SRM will be of the same general con-
figuration as that used for the 159 in, parallel motor. Case construction will differ
only in that the series baseline will have four center segments and the baseline design
inclusion of & movable nozzle will cause minor differences in the aft dome openin,:.
Case design eafety faciors and material parameters previously set forth apply to
this design as well.
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3,4.8. 1,4 Insulation

oach, materials, and fabrication for the 166 in.

The insulation design appr
of the baseline 156 in, parallel design.

geries system is identical to that

3,4.3.1,6 Liner

The liner material and application on the 156 in. series motor is identical to

that of the 156 in, parallel baseline system.,
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3.4.3,1,6 TVC System
3.4.8.1,6.1 TVC Nozzle

The nozzle for the baseline series burn SRM Stage is a partially submerged,
omniaxial movable, state-of-the-art design providing 15 deg thrust vector control
capability., Its size, configuration, gimbaling mechanism and materials are typical
of those of the 156-9 nozzle successfully demonstrated on a 156 in. diameter SRM
static tested by Thiokol in 1967,

The gimbaling mechanism is a forward pivoted flexible bearing consisting
of alternate laminae of metallic and elastomeric shims integrally bonded to and
between forward and aft end rings. The end rings in turn interface with the nozzle
movable and fixed sections to form the complete assembly.

The nozzle is tailored to the performance requirements of the SRM. It
incorporates all possible features to assure a low cost, highly reliable assembly.
Because of its proposed use in a manrated system, somewhat higher margins of
safety have been applied to ablative materials, structures and proof test levels than
are generally used in SRM nozzle design for missile systems.

The divergent cone has a 17.5 deg half angle and is 159 in. long from throat
to exit plane. The required structural and ablative material thicknesses at the exit
result in an OD of 152 in., well within the motor diameter. When vectored 5 deg,
the OD of the cone moves outward to a diameter of 184 in. in the vector plane. An
aerodynamic and structural skirt protects the nozzle from external aerodynamic loads.

The nozzle design is shown in Figure 3-92. Criteria employed in making
the design and dimensional characteristics of the nozzle are listed in Table 3-34 .

The ablative, insulative, and structural materials selected for the nozzle
and the metallic and elastomeric materials in the flexible bearing assembly are
the same as those for the 156 in. parallel burn SRM nozzle and flexible bearing
assembly and they were selected for the same reasons. Fabrication and assembly
methods are also identical to those of the parallel burn SRM movable nozzle. The
same analyses were conducted to insure design and performance integrity of the
final configuration.

Erosion and char profiles resulting from the analyses are shown in Figure 3-93,
Mass properties of the design are listed in Table 3-35 . Analysis of the flexible
bearing torque values are given in Table 3-36 .

3.4.3.1.6.2 Actuation System

The TVC actuators for this booster configuration are identical to those for
the 156 in. parallel burn except for size as shown in Table 3-37.
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TABLE 3-34

NOZZLE CHARACTERISTICS DESIGN CRITERIA

Throat diameter, initial (in.)
Throat area, initial (sq in.)
Exit dilameter, initial (in.)
Exit area, initial (sq in.)
Expansion ratio, initial
Exit cone half angle (deg)
Submergence (%)*
TVC capability (deg)
TVC slew rate (deg/sec)
Pressure, avg (psia)
MEOP (psia)
Safety factors

Ablatives

Structure

Proof pressure test, flex seal

Nozzle weight (lb)

*Submergence, & = h, Throat to Flange 4

Length,

Throat to Exit

60.8
2,026
149.9
17,647
8.7
17.6
10

45

)

830
1,000

2.0

1.4

1.2 x MEOP
12,763
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TABLE 3-36

FLEXIBLE BEARING NOZZLE ACTUATION TORQUE

Component
Internal aerodynamic

Offset
Boaring spring (6 deg vector)

Bearing boot spring (6 deg vector)

Gravity (considered only for horizontal static test)

Total

3-232

Torque
(miliion in, -1b)
1.47

0.47
1.09
0.05

0,71

3.86

P L. 2



With the Space Shuttle vehicle mounted nonsymmetrical to the cg of the
three booster motors, large roll momenta are induced into the vehicle if all three
solid rocket motors nozzles are vectored the same amount in tho yaw plano, This
ean be avolded by differontial movement of the nozzles. Assuming the required
vehicle side force is equivalent toa b geg vector angle, the total required side foree
from the stage 18 78,000 1b (2,97 x 10~ x sin 6 dog x 3 = 78,000), To induce this
side force and not induce a roll moment, it is nocessary that the vehicle roll
moment and yaw moments as shown in the oquations on Figurc 3-84 both be satisfied.,
This can be accomplished if Nozzles 1 and 2 supply the majority of the requirod
yaw side force while Nozzle 3 supplies just enough side force to null the induced
vehicle roll rates due to Nozzles 1 and 2, Since the total vchicle cg location is
below the centerline of Motors 1 and 2, the required side forco from Motor 3 is
additive to the side force of Motors 1 and 2. If however, the vehicle cg was located
above the centerline of Motors 1 and 2, the side force of Motor 3 would subtract. As
the vehicle cg location moves from the booster cg location, the TVC nozzlc angle to
supply the required vehicle side force inoreases.

For the required vehicle side force of 78,000 lb, the TVC nozzle deflection
of Motors 1 and 2 must be increascd from 5 deg to slightly greater than 6 deg. The
third nozzle TVC requirements would be reduced to approximately 4 deg.

From a commonality standpoint, each of the three nozzles would be sized
for 6 deg deflection. Nozzles 1 and 2 would each receive identical guidance commands
while Nozzle 3 would receive a reduced command in order to null the roll rate.

The TVC control system for this booster configuration is identical to that
of the 166 in. parallel burn configuration.,

The HPU subsystems for this SRM are identical to those selected for the
1566 in. parallel burn optional SRM configuration.

3.4.3.2 BStage Structure

The general philosophy foliowed in the design of the series stage structure
was to design a structure that would transmit the thrust and provide support as well
as serve to tle the three motors together. This would alleviate any requireme:t for
joining structure on the pressurized case wall.

The aft support structure is shown on Figure 3-95 and is essentially a shell
and ring construction with tapered doublers utilized to distribute the concentrated
support and holddown loads. The three tapered conical skirts intercept at three
planes where makeup joints are provided so that the overall assembly can be
shipped as three separate subcomponents.

3-233

- . I N L

e



Ly
i .
TABLE 3-37
; TVC ACTUATOR REQUIREMENTS
L 166 INCH SERIES BURN
TVC angle (deg) 5
TVC slew rate (deg/scc) 5
Load (lb) 50,000
Area (8q in.) 17,8
Stroke (in.) +6.4
Supply pressure (psi) 4,000
Flow rate (gpm) 33.0
Mux pump horsepower 77.0
Redundancy Active/standby
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The structure will support the Orbiter-SRM assembly at six points, and
provide holddown capability at three points. The aft structure consists of 6061-T6
aluminum throughout except for the three holddown brackets.

The aft connecticn of the motors 18 accomplished by bolting the main circular
rings together by using doubler plates.

The forward support structure is shown on Figure 3-96 and is comprised
of three conical shells (one at the head end of each motor). At the apex of each
thrust cone is a clevis. The three clevises are fastened together by a triangular,
box beam frame thus tying the motors together at the forward end. The thrust
points for the orbiter assembly are the three clevises at the apex of the thrust cones.

Thrust termination ports protrude through the thrust cone with circular
reinforcement rings required around the cutouts.

3.4.3.3 Mass Properties

The mass properties data for the series configuration is shown in detail in
Appendix B. Weights are summarized in Table 3-38.
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Description_ ()
Case 123, 244
Insulation 13,150
Liner 1,564
Igniter 660
Nozzle 12,724
Raceway 213
Thrust Vector Control 2,260
Propellant 1,600,625
Motor Assembly 1,654,430
Motor Assembly (3 each) 4,963,290
Forward Thrust Structure 34,806
Aft Skirt 31,216
Instrumentation 1,656
Total Stage 5,030, 968

TABLY $-38

MASS PROPERTIES SUMMARY
166 INCH SERIES BURN

Current Weight
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3.4.4 120 In, SRM Stage Parallel Configuration

The 120 in. SRM Stage parallel burn configuration is similar to the parallel
156 in. stage in most respects. The main difference is that the atage consists of
four 120 in. motors, each containing 566, 100 1b of propellant.

3.4.4.1 Basic Motor

The 120 in. motors are similar in design features to the 120 in. motor
presently in production and the 156 in. motors presented in Section 3.0. The main
difference from the existing 120 in. motors is the TVC system. A flexible bearing
nozzle with a 6 deg cant and a 5 deg vector angle was assumed.

The motor layout is shown in Figure 3=97. The case is 120 in. in diameter
and has seven center segments in addition to the forward and aft dome segments.

The grain design is a cylindrical perforate with a star in the head end. A
radial slot is located at each case segment joint. To control the surface area, one
side of each slot is inhibited. The port in the cylindrical segment is tapered to
provide & longer tailoff on the thrust trace. This grain design was gelected to
maintain similarity with the existing Titan INC 120 in, SRM.

The performance of the SRM stage is shown on Table 3-39.
3.,4.4,1.1 Grain Design and Performance

The grain design for the 120 in. motor is a modification of the 156 in. parallel
system design. This design consists of a seven segment cylindrical perforation CP)
configuration. The center segments have identical configurations with tapered port
cavities that produce a sliver at web burnout and result in a gradual thrust decay
during tailoff. The forward segment grain configuration incorporates an g=-glot tube
design to produce the slightly regressive thrust-time performance.

Figure 3-98 presents the thrust-time and pressure-time performances of
this motor. The propellant grain dimensions are as follows.

Cylindrical perforated port diameter (tapered)  42.5to 52.5 in.
Port to throat (end of segment) 1.66
Considerations involved in the discussion of the buining time flexibility of
the 120 in. motor design are similar to those of both 156 in. motor designs

(parallel and geries systems). The burning time can range between 100 and 205 sec
without grain design modifications.
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Performance

Weight

V. ‘.
woar? .

TABLE 3-38

PERFORMANCE SUMMARY
120 INCH SRM PARALLEL BURN CONFIGURATION

Parallel=-~Four Per Launch Vchicle

Average Vacuum Thrust (lb)

Burn Time (sec)

Average Operating Pressure (psia)
MEOP (psia)

Specific Impulse Vacuum (sec)

Propellant Weight (lbm)
Total Motor Weight (lbm)
Motor Mass Fraction
Total Stage Weight (lbm)

Stage Mass Fraction

3-242
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1,407,000
112
665
800

270

566, 100
634, 830

0.892
642,241

0.8814
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3.4.4.1.2 Propellant

The propellant used for this design is the same as that of the baseline
parallel system, 156 in. motor, Propellant composition and properties are
presented in the parallel mutor design description (see 3.4.2,1,2).

8.4.4.1.3 Case

The case for the 120 in. parallel burn SRM will be of the same general
conf:guration as that used for the 156 in. parallel motor. Case construction will
differ only in that the 120 in. parallel baseline will have seven center segments
and the baseline design inclusion of a canted nozzle will cause minor differences
in the aft dome opening. Case design safety factors and material parameters set
forth in 8.4.2.1,3 apply to this section as well, ‘

S8.4.4.1.4 Insulation

The insulation for the 120 in. diameter motor is identical in design approach,
materials, and fabrication to that of the 156 in. parallel baseline system.

3.4.4.1.5 Liner

The liner on the 120 in. diameter motor is UF=2121, the same as that used
on the parallel baseline 156 in. diameter system. The liner will he applied using
sling lining equipment.

3.4.4.1.6 Nozzle

The nozzle for this booster configuration is a submerged, omniaxial flexible
bearing movable nozzle, essentially the same as that of the 156 in. parallel burn
SRM, except somewhat smaller in size. It is mounted off=-center on the hemispherical
dome so that a 6 deg cant is obtained. This provision is to assist in aligning the
resultant thrust vector through the center of gravity of the flight configuration
assembly. All criteria relative to materials, analysis, fabrication and assembly
are the same.

8.4.4.1,7 Actuation System

The TVC Actuator for this booster configuration is identical to that used for
the 156 in. parallel burn with the exception of size as shown in Table 3-40, The
. total number of actuators required is doubled, due to the increased number of solid
rocket motors.

The TVC Control System for this booster configuration is identical to that
used for the 156 in. parallel burn, except that twice as many control units are
required due to the increased number of solid rocket motors.

3-244
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TABLE 38-40

TVC ACTUATOR REQUIREMENTS
120 INCH PARALLEL BURN

TVC Angle (deg) b

TVC Slew Rate (deg/sec) 5

Load 21,000

Area (sq in.) 7.0

Supply Pressure (psi) 4, 000

Flow Rate (gpm) 15

Maximum Pump Horsepower 36

Redundancy Active/Standby
3-245
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The deaign of the actuation system for the 120 in. SRM will he similar to
that of the series 156 in, SRM, but, considerably smaller in power. The redundancy
and consequent reliability will be identical to that provided in the series 166 in, SRM
to insure that all requirements for a manrated vehicle will be met,

The predicted torque for the 120 in. SRM s 1.26 x 106 {n.~lb. The hydraulic
power unit for the 120 in. motor movable nozzle would require approximately 86 hp.
These valucs are well within the present state-of-the-art for TVC actuation systemsa.
The existing production unit for the First Stage Poreldon has a capability of 27 hp.
This HPU is composed of a solid propellant warm gas generator, turbine, gearbox
and a fixed displacement hydraulic pump.

Increasing the pump output pressure from 3, 100 to 4,000 pei in the present
Poseidon HPU would result in a change of horsepower from the present 27 to the
required 35, Minor modifications would be required in the turbine emission and
gas generator configuration in order to drive the higher horsepower pump. A
schematic of the present Poseidon HPU is shown in Figure 3-99,

Hydraulic power units utilizing liquid fuel gas generators have also been
designed and produced in the horsepower range required for the 120 in. motor.
Figure 3-100shows a pictorial representation of the emergency power unit currently
employed on the F-15 aircraft, which is built by Sundstrand.

Note that the shaft is rated at 30 hp which is very near the 35 hp required
for the 120 in. motor. It is anticipated that minor modifications would be required
in order to obtain the power necessary for the 120 in. motor application.

The 85 hp requirecment for the 120 in. motor is a very conservative value
and in all likelthood may be reduced in a detail design. This would be more in
line with the two systems described above. The use of currently qualified hydraulic
power units would be extremely advantageous from both cost and development time
standpoints.

3.4.4.2 Stage Structure

The stage structure for the 120 in. SRM parallel motor will be designed
to the same general philosophy as that used for the 156 in. parallel baseline motor,
except that the stage will consist of four motors rather than two.

The motors will be staged by dropping one from each side, similar to the
manner described for the 166 in, parallel configuration. When the first two clear
the orbiter, the second two would be released.
3.4.4.3 Mass Properties

Welght data for the 120 in. SRM stage is shown on Table 3-41,
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GTM/GEARBOX FUEL TANK
DRIVENACCESSORY . . ...+ v v v v v 2.4 in.3/rev. Hydraulic Pump
RATEDOUTPUT . . . i i v v vt v v s s s 30 SHP @ 1892 RPM
TURBINE
Type . . . ... e e e e e e e e Axial Flow Impulse
DIametBr . . . v s b e e e e e s e e 3.49 inches
Nominal OperatingSpeed . . . . . . .+ oo v v v o v v v v e 100,000 RPM
ELECTRICAL POWER REQUIREMENTS
Momentary (3S8C.) . . . v v o v v o e 18.0 amps
'ﬂ CONBINUOUS .+ « » + « vt s v e et m b e et e s 3.0 amps
;
36175=116

Figure 3-100. Liquid Fueled ilPU
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TABLE 3-41

MASS PROPERTIES SUMMARY
120 INCH SRM, PARALLEL BURN

Description

Case

Insulation

Liner

Igniter

Nozzle

Raceway

Thrust Vector Control
Thrust Termination
Propellant

Motor Assembly

Nose Cone

Aft Skirt

Stage Attach Provision
Instrumentation
Destruct System

Total Stage (4 motors)

Current Weight (b

49, 353
8,439
756

372
7,121
151
2,029
510
566, 100
634, 830
2,095
2, 804
2,124
225

162

2, 568, 964
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3.4,5 260 In. SRM Stage Series Burn Configuration

The 260 in., stage for the series hurn configuration is very gimilar to the

156 in. series stage except that & gingle 260 in. diameter motor is used instead

of the cluster of three 156 in. motors. From & performance point of view this
provides 8 gomewhat more efficient stage; however, the logistics problems associated
with the large motor need to be evaluated in greater detail than was possible during
the scope of this. study.

3.4.5.1 Basic Motor

The motor design for the 260 in. SRM stage is in many respects similar to
the 156 in. motor for the series configuration. The main difference ig that the motor
is monolithic. The motor could be built using the same gsegmenting techniques a8
those used for 156 in. motors; however, at 260 in., even the segments cannot be
shipped by air or rail and must be transported by water. Consequently, the main
reason for segmenting (i.e., transportation problems) i8 not alleviated by gsegment-
ing, and all 280 in. motors t0 date have been monolithic.

The 260 in. SRM stage is shown in Figure 3-101, Performance date are shown
in Table 3-42.

3.4.5.1.1 Grain Design and Performance

The grain design for the 260 in. motor will consist of a five-pointed star.
This design produces 2 slightly regressive thrust performance with a tailoff of about
15 sec duration. A design and performance summary of this motor was presented in
Table 3-43. The star configuration was gelected to enable the design of a highly
loaded (volumetric loading greater than 0. 80) motor within the constraints of the
Minuteman propellant burn rate capability.

The star configuration soverely restricts the range of thrust-time ballistic
tajloring that can pe acccmplished. The shape of the thrust-time performance is
predetermined and only minor tailoring of the trace can be accomplished.

The 260 in. baseline motor design for the geries system will exhibit almost
the same degree of flexibility in burntime as does the baseline 156 in. design for the
parallel booster system. Within the tramework of the design and propeliant system,
the burntime can vary between 110 and 160 sec.

8.4.5.1.2 Case
The general design of the 260 in. steel case will be much the same as the
design for the 156 in. paraliel case. The shape of the forward and aft gegment

domes will be the same as those used for ¢1e smaller motors. The cylindrical
gection of the case will not be segmented but will be rolled and welded plates and
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TABLE 3-42

PERFORMANCE SUMMARY
260 INCH SRM, SERIES BURN

Series--One Per Launch Vehicle

Performance

Average Vacuum Thrust (ib) 8,920,000
B Burn Time (sec) 135
Average Operating Pressure (psia) 830
MEOP (psia) 1,000
Vacuum Specific Impulse (sec) 287

o Weight
P % Propellant Weight (1b) 4,500,000
. Total Motor Weight (Ib) 4,972,000
. n Motor Mass Fraction 0.905
* Total Stage Weight (1b) 5,023,000
i % Stage Mass Fraction 0.896
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TABLE 3-43

MOTOR DESIGN SUMMARY
260 INCH SRM, SERIES BURN

MEOP = 1,000 psia

Ballistics
Delivered Vacuum Specific Impulse (\bf-sec/lbm)
Total Time (sec)
Web Time (sec)
Average Vacuum Thrust (million lb)
Average Chamber Pressure (psia)
Propellant Burn Rate at 830 psia (in./sec)
Average Nozzl2 Expansion Ratio

Average Nozzle Throat Diameter (in.)

Propellant Grain Design Characteristics
Grain Configuration

Initial Port to Throat
Volumetric Loading

Regressivity (thrust at web time/maximum thrust)

3-253

287
137
135
8.92
830
0,345
8.5
86.6

5 Point Star
1.70

0.81

0.886
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incorporate longitudinal weld seams, Maximum weld efficlencies of 80 percent will
he assumed for the design and the entire plate will be thicker than required to account
for the reduction of strength in weld areas. Maximum weld mismatches of 0. 060 in.
can be tolerated. The case material will be 200 grade 18 percent nickel vacuum are
remelt, maraging steel. This material selection is based upon the demonstrated
successful fabrication of 260 in. motor cases using this material.

3.4.5.1.3 Insulation Design

The internal insulation design approach used in the 260 in. motor ig identical
to that used in the 166 in. parallel baseline motor with the exception that during
fubrication the ecase will be sealed and used as an autoclave.

3.4.5.1.4 Liner

The same UF-2121 liner material used in the 156 in. parallel baseline system
will be used in the 260 in. series motor.

3.4.5.1.5 TVC System

All technology and fabrication capability for the production of 260 in. diameter
motor nozzles are in existence and have been successfully demonstrated. Two full
scale (89.1 in. throat diameter ) fixed nozzles have been successfully tested on
260 in. diameter motors. 1+ 2 In addition, the full scale TVC element recommended
in a NASA study for the 260 in. motor nozzle has been fabricated and successfully
bench tested at the identical loading and through the same vectoring duty eycle as it
would be subjected to in an actual 260 in. test firing. 3 Thus all that remains to be
accomplished to demonstrate a 260 in. TVC nozzle in a test firing is the relatively
simple step of combining these successfully developed components.

The TVC actuator for this booster configuration is similar to the actuator
used for the 156 in. parallel burn. The actuator specific data are shown in Table 3-44.
Due to its large size and flow rate, the TVC actuator will require an additional
hydraulic power stage. The servoactuator would consist of & primary and secondary
actuator. The secondary actuator will house the required pilot servovalves and
fallure detecting logic. The primary actuator will consist of the power ram, engage

1960 In. Diameter Motor Feasibility Demonatration Program. Final Report. NASA
CR 72125. Contract NAS3-6284. Aerojet-General Corp., April 1966,

2260-SL-3 Motor Nozzle and Exit Cone Design, Fabrication and Assembly. Final
Phase Report. NASA CR-72283, Contract NAS3-7998. Aerojet-General Corp.,
June 1967.

3Design, Fabrication, and Test of Omnidirectional Flexible Seals for Thrust Vector
Control of Large Solid Rocket Motors. Final Report. NASA CR-72889. Contract
NAS3-12049. Aerojet-General Corp., June 1971,
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TABLE 3-44

TVC ACTUATOR REQUIREMENTS

260 INCH SRM, SERIES BURN

TVC Angle (deg)

TVC Slew Rate (deg/sec)
Load (1b)

Area (8q in.)

Supply Pressure (psi)
Flow Rate (gpm)

Max Pump Horsepower

Redundancy

]

B

140,000

47

4,000

160

350
Active/Standby

T ——— AL A PR i, T | e T S




) B Id ~ IR? 3
MR sy cres erone i bt ohe UL 44 - R L L

valves and mechanical input four~way hydraulie valve, Four additional LVDT's
for secondary actuator feedhack are required as shown in Figure 3-102,

b ekl

The control syatem for this hooster configuration ia stmilar to that used
for the 166 in. parallel burn. Four additional LVDT's for the secondary actuntor
are required together with their inereased power supply requirements. Only one
control unit is required for this eonfiguration.

The TVC actuation system power supply designforthe series 260 in. SRM
will be similar to that of the series 150 in. SRM, the major uifference heing the
increasec in size. Reliability and redundancy will be identical to that of the serics
156 in. SRM (primary and sccondary actuation and control systems). This approuch

. will provide for multiple fai*re and redundancy nceessary for manrated conditions.
v The forecasted torque for the 260 in. flexible bearing nozzle is 12.5 x 106 fn, =lb,
£ Hydraulic power will be provided by a 350 hp monopropellant turbine driven pump.

a3 The HPU for the 260 in, SRM will consist of a hydrazine gas generator with
t its associated tankage, controls and hot gas line supplying hot gas to a turbine driven
hydraulic power unit. A schematic of the HPU {s shown in Figure 3-103,

As shown (Figure 3-103), the nitrogen gas pressurization of the hydrazine
ﬁ'_ storage tank will provide fuel to the gas generator. The hot decomposition gases
' from the generator will rotate the axial flow impulse turbine which, in turn, will
Q . provide the power to the fucl pump to increase the Injection pressure into the gas
- §‘ generator. The output of the gas generator is regulated by a flow control valve,
? i which is modulated by the controller which senses the turbine speed, to maintain
I a constant speed.
32;

Ea The controller will be a solid stage, modular construction, electronic design
R using existing circuits which have been developed and flight qualified for atrcraft

: HPU. The fuel control valve will be similar in design to those used in electro-

E&! hydraulic servocontrol syster .. The portions of the valve in contact with the
hydrazine will be of corrosion resistant materials that are compatible with hydrazine.

The gas generator is a regenerative type consisting of an insulated chamber
S (pressure vessel), fuel injector assembly, regenerative tubes, electric glow coil
(heater), and a normally=-closed thermal switch. This particular design is functionally
identical to that developed and qualified for use with the liquid monopropellant
P cthylene oxide powered Nike Hercules APU. This reaction chamber has been proven
din an efficient design for operation with hydrazine.

e

The fuel pump will be a vortex (drag) pump driven by the turbine at turbine
speed through a hermetically sealed magnetic coupling. The pump runs on its own
hearing which will be lubricated and cooled by the fuel. The vortex design will permit
the flow to be varied over a hbroad range without crerheating the fuel.
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Figure 3-103, Schematic Diagram of 260 Inch HPU
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The power unit is composed of the axial flow, impulee turhine, gearhox, fuel
pump and the variable displacement hydraulic pump, The turhine is similar to that
utilized for the Spartan unit, bhut because of the increased power requirements, ita
diameter has been increased and the nozzle arc of admission has been increased from
approximately 70 to 100 percent. In addition, a new gearbox based upon a proven
design (by AlResearch) replaces the existing Spartan gearbox.

The speed of the turbine=pump combination {s maintained constant by an
electronic speed control which modulates the hydrazinc supply to the gas generator.
Use of a variable displacement, axial piston pump (thcoretical displacement of
8.0 cu in,/revolution), permits efficient matching of generator power to load demand.

The remaining hydraulic subsystem would be similar to that shown in
Figure 3-103, The sizing of these components is dependent upon details of the load
duty cycle, particularly load spikes, which muet be accommodated and which are not

yet known for the present application.
8.4.5.1.6 Stage Structure, 260 In. Series

The staging structures for the 260 in. single motor stage will be similar to
that used in the 156 in. series configuration. The use of only one motor per
stage simplifies the structure required. As in the 156 in. series baseline design,
the aft skirt will be designed and used to support the entire vehicle prior to launch,
and will be designed for vehicle holddown on the pad.

3.4.6.2 Mass Properties

The weight data for the 260 in, SRM stage are presented in Table 3-45,
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TABLE 3-45

MASS PROPERTIES SUMMARY

BASELINE SRM 260 INCH, SERIES BURN

Description
Case

Insulation

Liner

Igniter

Nozzle

Raceway

Thrust Vector Control
Propellant

Forward Thrust Structure
Aft Skirt

Instrumentation

Total Stage

3-260

v VTS

Current Weight (1b)

390, 938
28,860
3,626
1,085
40,666
3563
5,683
4,500,000
29,000
21,100
900

6,023,000
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3,6 SUPPORTING RESEARCH AND TECHNOLOGY

The results of the study of SRM's for a Space Shuttle hooster were reviewed
to determine the need for a supporting research and technology effort, For the
hasic SRM Stage no technology deficiencies exist which would prevent the timely
design development and operation of SRM's for a Space Shuttle hooster,

Recovery of the SRM Stage requires further study and development testing
to assure successful implementation of SRM Stage recovery during the Space
Shuttle program, Since the potential cost savings associnted with SRM Stage
recovery are high, recommended technological efforts have been identified and
for convenience purposes are presented in Appendix h, “RM Stage Recovery.
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